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ABSTRACT

During the last two years, nine 4-cm-aperture, 17-m-long dipole magnet prototypes were
produced by Brookhaven National Laboratory (BNL) under coniract with the Superconducting Super
Collider (SSC) Laboratory. These prototypes are the last phase of a half-decade-long R&D
program, carried out in collaboration with Fermi National Accelerator Laboratory and Lawrence
Berkeley Laboratory, and aimed at demonstrating the feasibility of the SSC main-ring dipole
magnets. They alsc lay the groundwork for the S-cm-aperture dipole magnet program now
underway. After reviewing the design features of the BNL 4-cm-aperture, 17-m-long dipole
magnets, we describe in detail the various steps of their fabrication. For each step, we discuss the
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parameters that need to be mastered, and we compare the values that were achieved for the nine
most recent prototypes. The data appear coherent and reproducible, demonstrating that the assembly
process is under control. We then analyze the mechanical behavior of these magnets during
cooldown and excitation, and we attempt to relate this behavior to the magnet features. The data
reveal that the mechanical behavior is sensitive to the collar-yoke interference and that the magnets
exhibit somewhat erratic changes in coil end-loading during ccoldown.

1 INTRODUCTION

The key event for the Superconducting Super Collider (S5C) collider dipole magnets during
1990 was the decision taken in January to increase the aperture from 4 ¢m! o 5 cm.2 The reason
for this decision was 1o improve the field quality in order to reduce the risk of beam losses.?
However, the implementation of such a change required the development of new tooling, which
would take 12-18 months. It was therefore decided to continue the production of 4-cm-aperture
prototypes so that design concepts developed for the 4-cm program could be tested before they were
scaled up to the 5-cm program.

In this paper, we repor on the design, fabrication, and mechanical behavior during cooldown
and excitation of the nine most recent 4-cm-aperture, 17-m-long collider dipole magnet prototypes.
The nine cold masses were built at Brookhaven National Laboratory (BNL). Three of them
(designated DD0026, DD0027, and DDO0028) were cold-tested at Fermi National Accelerator
Laboratory (FNAL);4" the other six (designated DC0201, DC0202, DC0203, DC0204, DC0205,
and DC0206) were cold-tested at BNL. In the second section of this paper, entitled *Magnet
Features,” we shall start by reviewing the baseline design of these magnets, and we shall try to
explain the role of the various components and how they are supposed to interact. We then shall
deiail the design variants that were implemented on some of these magnets and how they were
expected to influence the performance. In the third section, entitled “Magnet Assembly,” we shall
describe the successive steps of the assembly process, and we shall list the parameters that need to
be controlled. As we go along, we shall summarize the assembly data of the nine magnets and
discuss their reproducibility. In the fourth and fifth parts, entitled “Magnet Cooldown™ and “Magnet
Excitation,” we shall analyze the mechanical behavior of these magnets during cold testing,
focusing primarily on the changes in coil azimuthal compressive stress and coil axial end-load.
(The changes during cooldown result from differences in thermal shrinkage between the various
magnet components, The changes during excitation result from the Lorentz force on the
conductors.) As we go along, we shall attempt to relate the mechanical behavior to the
construction features, and we shall discuss how that behavior conforms 10 the design concepts.

This paper is a summary of two previously published review papers®? to which we have
added the data from four more magnets, Preliminary reports on the quench performance and the field
quality of these nine magnets can be found in References 8 and 9. More detailed discussions on
how quench performance and field quality are influenced by the mechanical design and behavior will
be presented elsewhere.10.11

2 MAGNET FEATURES
2.1 Baseline Design
2.1.1 Baseline Design Concepts

The nine magnets presented here, like their predecessors, follow the 1986 conceptual design’
with a 4-cm aperture and a magnetic length of 16.6 m. A cross-sectional view of the cold mass



assembly is shown in Figure 1. The dipole field is produced by a two-layer cosine-theta coil that is
mechanically constrained, both radially and axially, by stainiess-steel collar laminations and by
stainless-steel end plates. Iron yoke laminations, located outside the collars, enhance the magnetic
field by roughly 20%. The cold mass is completed by an outer stainless-sieel shell that delimits the
region of circulation for the 4.35 K, 0.4 MPa forced flow of supercritical He. The design current is
6500 A, corresponding to a central field of 6.6 T.
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Figure 1. Cross-sectional view of the cold mass of BNL 4-cm-aperture, 17-m-long
collider dipole magnet prototype (DC-series).

The first full-length collider dipole prototypes that were built (1986-87) exhibited excessive
training.!?-}4 In order to understand this training behavior, subsequent magnets were instrumented
with voltage taps on the coil inner layer (to locate the quench origins),!? and with beam-type
strain-gauge transducers (1o measure the azimuthal pressure exerted by the coil against the collar
pole).16 Strain gauges were aiso mounied on the external surface of the cold mass shell to measure
both radial and azimuthal stresses.!? Several features of the magnet design were then varied to
determine their influence on quench performance. In 1988, it was found that the best-performing
magnets were those with rigid support of the coil ends against the end plaies and those where the
iron yoke contributed to the radial support of the cail by interfering with the collars./7-1? The
design of the collars and the yoke was then modified to ensure that this interference would occur,
leading to the concept of line-to-line fit, the details of which were refined throughout 1989,2¢ and
which is now the baseline of the SSC main-ring dipcle magnet program.

The starting point of the line-to-line fit design is the decision to make the outer radius of
the stainless-steel collar laminations the same as the inner radius of the iron yoke laminations at
room temperature. During collaring, the coil is squeezed into the collars with a large azimuthal pre-
compression. After collaring, the coil exerts a large pressure against the collar poles, and the
collared-coil assembly deflects along the vertical axis, becoming larger than the rated inner diameter
of the iron yoke. When the yoke is put on, a gap thus remains between its two hatves. This gap is
progressively closed during the welding of the outer shell, which is put under tension and



compresses the yoke. After welding, the gap is entirely closed, and the outer circumierence of the
collar and the inner circumference of the yoke fit perfectly. During cocldown, the coil shrinks more
than the stainless-steel collars, which in trn shrink more than the iron yoke. The pressure exerted
by the coil on the collar poles thus decreases, but it remains large enough 10 keep deflecting the
collars, thereby maintaining contact with the yoke on the vertical diameter, During excitation,
azimuthal stress is redistributed while the coil tends to expand radially, especially at the midplane.
The collared-coil assembly thus deflects along the horizontal axis and eventually contacts the yoke.
At high currents, the collared-coil assembly thus contacts the yoke on a large perimeter on both
sides of the midplane, and the yoke provides an extremely stiff support against the radial
component of the Lorentz force. Also, the yoke defines a clear circular boundary for the collared-
coil assembly, which is needed to ensure good field quality. At all times, the gap at the midplane
of the yoke remains closed due 1o the compression exerted by the outer shell.

Having briefly explained the concepts underlying the design of these magnets, we shall now
review the different components that constitute the cold mass.

2.1.2 Coil

The inner layer of the coil contains 16 turns and 3 copper wedges. It is wound from a 1.6°
keystone-angle cable of 23 strands (strand diameter 0.808 mm). The outer layer contains 20 tums
and 1 copper wedge and is wound from a 1.2° keystone-angle cable of 30 strands (strand diameter
0.648 mm). The strand twist pitch, before cabling, is 13 mm for both the inner- and the outer-layer
cables; it lengthens to 15 mm after cabling. The inner-layer cable pitch length is 79 mm, while
that of the outer-layer cable is 74 mm. The insulation for both inner- and outer-layer cables
consists of & 25.4-um-thick layer of Kapton,” helically wrapped with a 50% overlap, completed by
a 102-t0-127-pm-thick layer of epoxy-impregnated fiberglass, wrapped with a 0.5-mm gap. The
winding of an inner-layer quarter coil requires about 550 m of conductor, while that of an outer-
layer quarter coil requires about 686 m. The asymmetric copper wedges that are introduced between
some of the coil turns serve two purposes: 1) they allow fine tuning of the magnetic field’s high-
order multipole components, and 2} they allow the coil 10 assume the correct arch-shape by
compensating for the keystone-angle of the cables (which is too small),

2.1.3 Collars

The stainless-steel collar laminations are 1.5 mm thick and 15 mm wide and are made by a
stamping process. They are spot-welded in pairs in two configurations, called left and right, and the
left and right pairs are stacked together alternately into 149.1-mm-long packs. The spot-welding
was introduced to increase the rigidity of the coflars; the lefi-right stacking was introduced o
eliminate twist in the collared-coil assembly. The collar packs are held together by means of two
stainless-steel tubes flared at one end and located near the collar top, in an area of approximaie
neutral axis. They are locked around the coil by four phosphor-bronze tapered keys (3° taper per
side, thus 6° total), which are driven horizontally into the keyways located near the midplane. The
tapered keys were preferred 10 the square keys used on earlier prototypes because they limit the peak
pressure on the coil during insertion.2! (There is a 50-jum clearance between the key and keyway
widths, but this has no real significance.) The collaring of a magnet requires 110 collar packs,
corresponding to a total of approximately 22,000 laminaticns.

As described earlier, the collared coil must be assembled so that while it is at liquid helium
(LHe) temperature and is energized, it remains in azimuthal compression and exerts enough
pressure against the collar to ensure vertical contact with the yoke. In other words, the pre-
compression of the coil at room temperature must be large enough to compensate for the
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differences in thermal shrinkage of the various materials during cooldown and for the redistribution
of azimuthal stress caused by the Lorentz force during energization. On the other hand, if the pre-
compression is too great, it could degrade the Kapton insulation and create a risk of wm-to-tum or
coil-to-ground leakages, or even shorts. (Kapton flows easily: it elongates by 3% at room
temperature under a pressure of 69 MPa.) A compromise maust therefore be reached; a suitable
collaring scheme should limit the peak pressure seen by the coil, while providing enough pre-
compression to compensate for the aforementioned losses.

2.1.4 Yoke and Shell

The iron yoke laminations are 1.5 mm thick and 77.47 mm wide and are made of low-
carbon sieel using a stamping process. They are compactly stacked into 146.4-mm-long modules
and are held together by stainless-steel tubes in order to achieve a packing factor of about 97%. The
yoke modules are assembled around the collared coil so that the split between the two halves is
located at the midplane (see Figure 1). The modules are separated by two 1.5-mm-thick stainless-
steel laminations, which are slotted for He venting (see paragraph 2.2.9, “Cross-Flow Cooling™).
The two identical keys at the yoke midplane serve two purposes: 1) precise alignment of the yoke
modules, and 2) correction of the iron saturation effects on the magnetic field. To avoid over-
constraining the alignment, only one key is used for registration, while the other is set loose by
oversizing the yoke keyway by about 125 um. (The side of the laminations with the correcily sized
keyway is marked by a notch on the outer perimeter.) The correction of the iron saturation effects
will be described in paragraph 2.2.6, “Revised Yoke and Yoke Alignment Key.” The total yoke
mass in a magnet is approximately 5000 kg. The outer stainless-steel shell is 4.77-mm thick and
consists of two halves welded around the yoke. The welds are also located at the yoke midplane.

As described earlier, in order to create sufficient interference between the collared-coil
assembly and the yoke, the vertical diameter of the assembly is allowed to become larger than that
of the yoke. Immediately after the collared coil is inserted in the yoke, a gap remains between the
yoke halves. This gap is expected 10 close as the shell is welded around the yoke and applies a
radial pressure on it. The question of whether it is crucial to ensure that the gap is closed at the end
of shell-welding is widely debated. On one hand, if the gap is closed at room temperature, it will
stay closed in the cold state, for both the collared-coil assembly and the outer shell have a larger
thermal expansion coefficient than the iron yoke (see paragraph 4.2, “Change in Coil Azimuthal
Compressive Stress During Cooldown™). The boundary of the collared-coil assembly is thus
always well-defined, and its geometry should be very reproducible from magnet 10 magnet, at both
room temperature and LHe temperature. This should help to control the field quality and to obtain
good correlations between the warm and cold measurements of the multipole components. (If such
correlations can be established, one can then limit the number of production magnets to be cold-
tesied and can rely on warm measurements to assess whether the magnets meet the field
requirements). On the other hand, if the gap is not closed at room temperature, there is no
guaraniee that it will close during cooldown. If a gap remains at LHe temperature, the first worry is
that it would alter the rigidity of the yoke where the radial companent of the Lorentz force is the
largest, However, this is not thought to be a problem, because as the collared-coil assembly
deflects along the midplane and comes into contact with the open yoke, the radial stiffness is
supplemented by a bending stiffness of the yoke halves, which also provides a very good support.
Another worry is that the gap would distort the magnetic field. On a single magnet, the field
distortion was calculated to be significant only if the gap at LHe temperature was larger than
250 um. However, if there is a gap, its amplitude varies between the warm and the cold states, and
one could speculate that on a large sample of magnets these variations could spoil the warm-cold
correlations on the multipole components of the field. In order to preserve all the chances of
getting good warm-cold correlations, it seems preferable, therefore, to ensure that the yoke
midplane gap is closed from the time of the shell-welding. This implies that the vertical deflection
of the collared-coil assembly must be kept within reasonable limits.



2.1.5 End Parts

Figure 2 presents a cutaway view of magnet DD0027 end parts. The coil ends maintain the
same radial dimension as the straight sections. The spacing of the turns is designed to minimize
the harmonic content of the ends. The main spacers are made of laminated, epoxy-impregnated
fiberglass. Additional G10 spacers are also inserted between some of the tums 1o enforce the wrn-
10-turn insulation. These spacers were determined empirically to position the conductors in an
approximate constant perimeter configuration. Each quarter-coil end is contained by a G10 saddle.
The axial motion of the G10 saddles at each end of the coil is restrained by a stainiess-sieel ring,
called the backing ring. This ring is pressed on by four screws set in the 38.1-mm-thick stainless-
steel end plates. The end plates themselves are anchored 1o a stainless-steel ring, called the boanet,
which is in turn welded to the outer shell. The average torque with which the screws are set
determines the axial pre-foad of the coil. In order to decrease the magnetic field on the end mums, the
iron yoke laminations are terminated 47.2 mm before the end of the outer coil straight section, and
the last two yoke modules over the coil ends are made of non-magnetic stainless-sieel laminations.
‘These laminations are bonded with epoxy to keep the yoke laminations perpendicular o the magnet
axis and to avoid “angling” during the skinning process or due to movement of the end collars
during axial extension of the coil from the Lorentz forces.
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Figure 2. Cutaway view of the non-lead end part of BNL. 4-cm-aperture, 17-m-long
collider dipole prototype.

2.2 Variants

Having briefly presented the common features of these magnets, we shall now review their
differences, which are summarized in Table 1.



Tabie 1. Variants in Design Features of Most Recent BNL 4-cm-Aperture, 17-m-Long
Collider Dipole Magnet Prototypes.

DDOMS DDO027 DDoz8 DO DCD202 DOm03 DOm4 D020 DOm06

Inner Conductar
Coppet-©0-Super- 144 148 1.53 1.53 1.53 1.53 1.2% .29 1.29
conducxe Rapo
inner Conductor
Critical Curens st TA6S mnn 7893 7893 ™ 7791 LE ] 3368 8368
4.22K and 7T (AY'
Epoxy Coment of
Lner/Ouner Cable 24724 24/24 2424 24724 A4 20724 224 2024 220
Fiberglass Wrap
(% in weight)
Collar Masenal High Nigonic 40 Nigonc 40 Nigomic 4D Nimonc 40 MNironk 40 Miromc 40 Nigonuc 40 Nigronic 40
Manganese

Collar Shape Round Round Round Angi- Ann- A Ang- Arm- Ann-

Owvuhzect COvahzed Ovalized Ovalized Owvalird Owvalized
Collar-Yoke Sum ~ None Nowe None None 62um®™  762um"™  76lpm*"  762um™  762um""
Yoke Dengn Revised Revised Revised Revised Revised Revised
Yoke Mass (kg) S001.1 5001.0 50012 5117.8 s1228 5127.0 51269 51296 51267
Erci Deagn yoke yoke

MLACTEWS L ACTEWS 5S1 KCTEWY
remerved

M d on conductor shor sumpi “*152.4 um on duameser

22.1 Copper-to-Superconductor Ratio

The inner-layer conductors of the DD-series magnets have a nominal copper-lo-
superconductor ratio of 1.5 to 1. In the case of the DC-series magnets, three of them (DC0201,
DC0202, and DC0203) have a nominal ratio of 1.5 1o 1; the three others (DC0204, DC0205, and
DCO0206) have a nominal ratio of 1.3 to 1. All the magnets use outer-layer conductors with a
nominal ratio of 1.8 to 1. The lower inner-layer conductor ratio was employed in order 10 pursue
the possibility, suggested by conductor short sample tests, that copper-i0-superconductor ratio
could play a significant role in training performance.2? However, as we shall describe elsewhere,!©
most of the training quenches of the DC-series magnets originated in the outer layer, and no
significant differences were observed in the quench performance of the inner layer.

2.2.2 Epoxy Content of Inner Layer Conductor Fiberglass Wrap

After magnet DC0201, the epoxy content of the fibergtass wrap around the inner-layer
conductor was decreased from 24% to 20% in weight in order to curtail epoxy buildup on the inner
surface of the coils. The epoxy content of the outer-layer conductor fiberglass wrap is 24% in
weight for all the magnets except DC0206, for which it was lowered to 20%.

2.2.3 Collar Material: Nitronic-40 versus High-Manganese Steel

All magnets use Nitronic40 stainless-steel collars, except magnet DD0026, which uses
High-Manganese stainless-steel collars developed by Kawasaki Steel Corporation. The High-
Manganese sieel was tried because its integrated thermal expansion coefficient between 300 K and
4.2 K is lower than that of Nitronic 40, 1.7 x 10-3 compared to 3.0 x 10-3, and thus is lower than
that of the yoke, 2.0 x 10-3, This would seem to allow more even contact of the yoke and the
collared-coil assembly during cooldown (see paragraph 4.2.1). The yield strength of both kinds of
steel is 620 MPa.



2.2.4 Collar Shape: Round versus Anti-Ovalized

Magnets up to and including DD0028 used round collars. The deflection of the collared coil
assembly, however, which was measured to be about 250 um on the vertical diameter after
collaring compietion, was deemed excessive and was thought to contribute to potential gaps
between the yoke halves. The DC-series magnets, therefore, employed anti-ovalized collars,
intended to compensate for this deflection. The main difference between the round and anti-ovalized
collars resides in the location of the keyways with respect to the midplane, as detailed in Figure 3.
In the round collars, the keyways are placed so that when the top and bottom collars are joined and
keyed (with no coil in them), their centers coincide, resulting in a round shape. In the anti-ovalized
collars, the location of the keyways has been modified so that when joined and keyed, the centers of
the top and bottom collars are shifted by 254 um, reducing the collars’ vertical diameter by the
same amount. (The anti-ovalized collar keyways are also closer to the midplane to enhance the
rigidity of the extremity of the collar arms.)
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Figure 3. Collar key and keyway designs for most recent BNL 4-cm-aperture, 17-m-long
collider dipole prototypes: a) round coltar keyway, b) anti-ovalized collar
keyway, ¢) key (the key design is commeon to the two types of collars).

225 Collar-Yoke Interference

Tests on DC0201 suggested that the 254-um reduction of the collar vertical diameter
permitted the collared-coil assembly to lose contact with the yoke along the vertical axis in the
cold state. Subsequent magnets, therefore, included 19.05-mm-wide, 76.2-um-thick brass shims
located on either side of the tabs at the top and botom of the collared coil assembly. The shims
were secured with double adhesive tape about 100-pum thick before compression, and with a tested
post-compression thickness of less than 25 ptm.



2.2.6 Revised Yoke and Yoke Alignment Keys

The round collars used on the DD-series magnets had horizontal tabs at the midplane which
fitted into grooves punched in the yoke (se¢ Figure 3). These tabs were removed from the anti-
ovalized collars, and the notches at the midplane of the yoke were replaced by straight edges.

Another difference between the DD-series and DC-series magnets is the material of the yoke
alignment key at the midplane of the yoke. The DD-series magnets use low-carbon magnetic steel
keys, while the DC-series magnets use non-magnetic stainless-steel keys. This change was made
following computer simulations that showed it would reduce the iron saturation effects at high
field. The maximum change in the sextupcle harmonic due 10 non-linear properties of iron is
caicuniated to be less than (.4 units in the entire range of operation of the DC-series magnets (it
would be 1.2 units if the keys were magnetic).23 It was calculated to be 0.7 units for the DD-
series magnets.

2.2.7 Yoke Density

The yoke design specifications call for a fixed overall length and a fixed overall mass.
However, in some of the DC-series magnets, spaces developed between the yoke modules because
of too tight stacking. Extra laminations were then added in order to achieve the specified overall
length, thus resulting in a higher density. Magnets DC0203 and DC0204 included 7 extra
laminations per yoke half; magnet DC0205 included 11; magnet DC0206 included 5. The 1otal
yoke masses for the different magnets are reported in Table 1.

2.2.8 Yoke Set Screws

Magnets DD0026 and DD0027 included yoke set screws in addition to the coil set screws
which push against the backing ring and provide the axial restraint of the coil (see paragraph 2.1.5,
“End Parts”™). The yoke screws were located at the periphery of the end plates and pushed directy
against the yoke. During cooldown, the axial thermal shrinkage of the yoke is smaller than that of
the collared-coil assembly and the outer shell (see paragraph 4.3, *Change in Coil Axial Pre-load
During Cooldown™). Thus it is possible that in the cold state the yoke set screws could cause a
bending of the end plate that would bypass the coil set screws and alter the coil axial loading. The
yoke screws were thus removed from DD0028 and exciuded from later magnet designs.

229 Cross-Flow Cooling

All five magnets incorporated a cooling scheme which involves the circulation of He
between the various cooling passages in the magnet. At set intervals, He is directed from the top
yoke-cooling passages to the coil-cooling passage, and from the coil-cooling passage 10 the bottom
yoke-cooling passages. This cross-flow of He perpendicular to the magnet axis allows more of the
total mass flow to panticipate in removing heat from the synchrotron radiation and in maintaining
the coil at a suitable temperature.24 The scheme is realized by partially blocking the two top yoke-
cooling passages at one end and the two others at the other end, thus creating a radial pressure
difference which instigates the cross-flow; the cross-flow occurs at the stainless-steel laminations
separating the yoke modules {see paragraph 2.1.4, “Yoke and Shell”). In addition, helium must be
prevented from leaking from the cross-flow path into spaces such as the loading flat between the
collar and the yoke. Silicon (RTV) or indium plugs are thus periodically placed in these gaps 10
obstruct any such flow.

The blocking of the yoke cooling passages at the magnet ends is realized by inserting a plug
into a stainless-steel tube mounted between each He cooling passage of the last yoke module and
the corresponding end-plate hole. On the DD-series magnets, and on magnets DC0201 and



DC0204, the stainless-steel tubes were tack-welded to the end plates and sealed with RTV into the
yoke-cooling passages as a safety precaution against high He pressure during a magnet guench.
However, it was then thought that the RTV sealing might result in a rigid mechanical connection
between the end plates and the yoke. The tubes could thus be pushing against the yoke in a manner
similar 10 that of the yoke set screws, resulting in a similar bending of the end plates. The
mounting of the bes was modified on the subsequent magnets of the DC-series (DC0202,
DC0203, DC0205, and DCO206) to avoid any such risk.

2.3 Instrumentation

All nine magnets have the same standard instrumentation, including voltage taps, strain-
gauge collar packs, bullet gauge assemblies, and temperature sensors.

2.3.1 Voliage Taps

The total number of voliage u;ps is 41, all of which—except the quarter-coil voltage taps
used for quench detection-—are located on the inner layer of the coil. The instrumenied turns are the
three turns of the first block near the pole, and the first turn of the second biock adjacent to the
wedge, Extra taps are also located in the ramp-splice area where the inner-layer conductor ramps up
to the radius of the outer fayer and is spliced 1o the outer-layer conductor.

2.3.2 Strain-Gauge Collar Packs

Magnets DD0027 and DD0028 are both equipped with two strain-gauge collar packs. The
axial locations of the packs are determined from the azimuthal size measurements that are
performed after coil curing {see paragraph 3.1.3, “Azimuthal Coil Size Measurements™), with one
pack located near the minimum inner-layer size, and the other located near the maximum. (Since
the fluctuations in the coil size are coming from non-uniformities in the curing fixture, the axial
locations of the extrema are very reproducible from coil to coil.) Each pack contains eight beam-
type strain-gauge transducers to measure the azimuthal pressure exerted by the different quanter-coils
against the collar pole faces, and six compensating gauges—two for the inner layer transducers and
four for the outer ones.!® The other magnets have only one strain-gauge collar pack, located at the
minimum inner-layer size,

2.3.3 Bullet Gauge Assemblies

All nine magnets are instrumented with special set screws located at the return end of the
magnet. (The return end is the magnet end opposite where the current leads are connected.) These
screws are machined to accommodate a small cylindrical piece, catled the bullet, on which strain
gauges are mounted to measure the force exerted by the coil against the end plate; these are
designated as bullet gauge assemblies.)S Each of the four bullets has two active gauges. The eight
active gauges share two compensating gauges.

2.3.4 Temperature Sensors

The instrumentation of all nine magnets also includes four carbon-glass resistor
thermometers, two mounted in one of the four He bypass.holes in the lead-end end plate (the lead
end is the magnet end where the current leads are connected), and the other two mounted in one of
the four He bypass holes in the return-end end plate. These sensors were added to better wrack the
coil temperature,



2.3.5 Test Stand Instrumentation

The test stands of the BNL and FNAL (est facilities are instrumented to monitor the flow of
He and other cryogenic parameters. In particular the stand instrumentation includes warm and cold
pressure transducers at both ends of the magnet.

3 MAGNET ASSEMBLY
3.1 Coil Assembly

The four quarter coils are wound and cured separately, then joined during the assembly
Process.

3.1.1 Winding

The coils are wound onto convex, laminated mandrels using the shuttle-type winding
machine pictured in Figure 4. The cable is fed from a quasi-static supply spool while the mandrel
is shuttled back and forth longitudinally.25 After the mandrel has travelled one length, the supply
spool transfers to the other side of the mandrel, which in tum rewraces its path to complete one
turn. The mandrel is also rocked azimuthally to ensure a proper lay of the cable, especially at the

Figure 4. BNL shuttle-type winding machine for 4-cm-aperture, 17-m-long collider
dipole magnet coils.
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ends. Throughout the operation, the cable tension is maintained constant at about 175 N. For the
outer coils, a 75-pmn sheet of Teflon and fiberglass-impregnated tape is laid over the mandrel. This
has been shown empirically to enhance the quality of the outer coil’s inner surface which, in the
final assemnbly, rests against the inner coil.

After winding is completed, a 25.4-um-thick layer of tedlar is wrapped with roughly 50%
overtap around the coil on its mandrel, to keep them together and to facilitate subsequent
manipulations. The tedlar wrapping also permits compaction and reduction of the radial dimensions
of the coil ends, where the conductors have a 1endency to spring back. It then helps to protect the
coil, as the coil-mandrel assembly is turned down and laid into the curing mold cavity. It also acts
as a mold release at the end of curing.

3.1.2 Curing

The objectives of curing are three-fold: 1} to polymerize the epoxy of the cable insulation in
order to make the coil rigid and thus easier 1o manipulate, 2) Lo form the coil into the correct shape
and the correct dimensions, and 3) to make the coil as uniform as possible along the coil length.
Correctness of the coil dimensions is important for the field quality. Uniformity of the coil is also
required 1o achieve uniform pre-compression after collaring.

Figure 5 shows the bed of the curing press onto which the tedlar-wrapped coil-mandrel
assembly is laid. This bed consists of concave, laminated-steel blocks, constructed to very accurate

i

Figure S. BNL curing press and molding fixtures for 4-cm-aperture, 17-m-long collider
dipole magnet coils.
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dimensions and called form blocks. These form blocks can be heated by the circulation of oil. Coil-
mandrel assembly and form blocks are covered by steel contact parts, called top hats, which are
hydraulically pressed. The nominal curing pressure is 50 MPa + 15 MPa for both inner and outer
quarter-coils. The heating sequence includes several steps. The first phase consists in ramping up
the temperature to 90° C, at which point epoxy enters the gel phase. Measurements of the gaps
between the form blocks and the top hats are made along the curing fixture to determine the
azimuthal size of the coil under the nominal curing pressure. These measurements are used (o
determine the thickness of a shim to be inserted between the form blocks and the hats. The shim
limits the pressure applied to the coil in order to avoid problems such as electrical shorts between
turns, or cable or strand deformation. The second phase of the operation is the curing itself, during
which both temperature and pressure are increased, the former to 135° C, the latter until the gap
closes between the form blocks and the top hats. These conditions are maintained for about
100 min. The last phase is simply cooldown to room temperature. During the curing phase, the
ends are also loaded to a nominal force of 8500 N,

3.1.3 Azimuthal Coil Size Measurements

When curing is complete, the tedlar wrap is removed, and the coil is separated from its
mandrel and placed on a stable fixture. A measuring device is used manually to compare the
azimuthal size of the coil to that of a steel block of accurate dimension, called the master. There are
two masters—one used for inner-layer coils and one used for outer-layer coils——which assume the
design coil sizes. The measurements are taken at intervals of 0.75 m on both sides of the coil
straight sections, under a pressure of 70 MPa for the inner coil and of 55 MPa for the outer coil.
{These pressures are the target pre-compressions for the collaring.)

Figure 6 shows a typical example of azimuthal coil size measurements as a function of
axial location for the coils used in magnet DC0204, The four traces correspond to the four quarter
coils, The values are the deviations from the master size of each layer, and, for each position, are
averaged over the left and right sides of the coil. (A positive deviation indicates a coil size larger

200 T T T T | Li T T T I T T Al T I T
Strain Gauge Pack © Lawer lnner
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© Lower Outer 1
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100

Coil Size Deviation (um}
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5 10 15

Distance from ieed End {m)
Figure 6. Azimuthal coil size deviations measured along the four quarter-coils
assembled in BNL 4-cm-aperture, 17-m-long collider dipole magnet prototype
DC0O204. The deviations are measured with respect to steel masters. Each
point is an average between measurements taken at the given axial location
on both sides of the quarter-coil.
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0
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than that of the master). Also shown in Figure 6 is the position selected for the strain gauge pack.
Table 2 summarizes the coil size measurements for all nine magnets. The values are the deviations
from the master size and are averaged over the length of the two inner and two outer quarter-coils. It
appears that the coil sizes vary slightly from magnet to magnet, presumably due to slightly
different cable dimensions or slightly different curing conditions. However, it also appears that for
a given magnet, the standard deviation does not exceed 50 um; the uniformity of the coils is thus
very good. As we shall see, these coil size measurements are used to optimize the thicknesses of
the shims that are inserted between the collar poles and the coils to achieve suitable coil pre-
compression (see paragraph 3.2.1, “Optimizing the Coil Pre-Compression”).

Table 2. Average Coil Size Deviations, Coil Shim Thicknesses, and Effective Sizes
of Coil Packages of Most Recent BNL 4-cm-Aperture, 17-m-Long Collider

Dipole Prototypes (in fim).
Magrex Innex Layer Outer Layer
Sim Snim Package _ Sim Shim Package

Deviaion®  Thickness Sized Devissor  Thickness Sipe?
DDO02S 12749 640 710 e 820 720
DDom? 138431 640 845 6327 820 75%¢
DDO2S 61227 640 S80F -125%51 820 695¢
D001 7256 720 760 -162839 ™ 750
DO 30823 640 70 g2 120 710
DOm3 16743 640 £70 7323 720 740
DO 67523 640 730 -7422 720 740
DCI0s el A0 720 §1£28 720 735
DOM0G 16442 770 820 82130 m 840

8 Lefi-right average over the length of the rwo coil halves.
b At the axial location of the strain-gange pack.
¢ At the axial location of the feed-end pack.

As we shall describe later (see paragraph 4.2.1.3, “Non-Lincarity and Temperature
Dependence of the Coil Mechanical Propenties™), the coil mechanical properties at low pressure are
highly non-linear. For high pressure, however, the coil stress-strain curve tends to become linear, 28
and an effective Young’s modulus and an effective coil spring rate can be defined. Measurements on
the inner coils of the 4-cm-aperture, 17-m-long dipole prototypes led to a spring rate of
0.2 MPa/um in the range of 35-80 MPa.

3.1.4 Splicing and Final Assembly

In the final stages of the coil assembly, the four quarter-coils are encased in Kapton caps to
reinforce the ground insulation and to reduce the risk of flashing between the edges of the conductor
and the collars. The quarter-coils are then assembled into two half-coils, each consisting of one
inner and one outer layer. A 50.8-um sheet of Teflon is inserted between the two layers to smooth
the interface and create a slip plane. The layers of each half-coil are then connected electrically in
series by what is called a ramp-splice.

The ramp-splice, represented in Figure 7, is formed as follows. First, conductor from the
inner layer pole tumn is bent radially in its plane in order to ramp up to the outer coil radius;
bending begins 14 cm from the end of the inner coil straight section. The conductor is then spliced
over a length of 76.2 mm to conductor from the outer layer pole wrn, using a 96% tin-4% silver
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solder. (The splice length is approximately equal 10 the average twist pitch of the inner and owter
layer conductors.) The ramp and splice are then encased in a G10 holder, 152.4 mm in length, For
the DD-series magnets, the area where the inner-layer conductor enters the G10 holder was observed
as the origin of a large number of quenches.!® Therefore, starting with magnet DC0201, a length
of conductor from the inner-layer pole turn before the ramp was epoxied to the adjacent turn in
arder to prevent this turn from moving radially inward during collaring, (This is the only place on
the coil where the turns are not laminated together.)

a) v End coliar

\'\ . +— Lead ramp cover

Aamp lamination - \

- Ramp lamination

- Lead ramp housing

b) Lead ramp housing

. Housing shim
(5 axis)

Inner coil cable

%
%\ o

Lead ramp cover

~~ Cover shim
(5 axis)

Quter cofi cable

Figure 7. Detailed design of the ramp-splice between the inner and outer layers of a
BNL 4-cm-aperture, 17-m-long collider dipole magnet coil: a} cross-sectional
view, b) exploded view.

The coil halves, joined now by the ramp-splice, are then assembled around the beam tube,
made of Nitronic 40 stainless steel with a wall thickness of 1.27 mm. The outer surface of the coil
assembly is covered by several layers of ground insulation that sandwich the quench protection
heaters, as detailed in Figure 8. First, comes a pair of 101.6-pum-thick Kapton caps. Next is a
25.4-pm-thick layer of Teflon, which creates a sliding surface between the coil and the collars.
Next is another 127-um layer of Kapton, followed by the quepch protection heater assemblies (one
per quadrant); each assembly consists of a 101.6-um-thick copper-clad, stainless-steel strip, glued
between two 25-um-thick layers of Kapton, and covered by another 127-um-thick layer of Kapton.
Next are two more 127-um-thick layers of Kapton. Finally there is a 381-um-thick layer of
stainless sieel, called the collaring shoe, whose purpose is 1o protect the coil insulation against the
ripples of the collar laminations.
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Quench protection
heater (.004" 5.5.)

Kapton, .005" thk

.001" Kapton
{+.0015 glue)

Pale shim, G—10 cr

Pole shim, G-10 ¢r —\ ’
]

Stainless steel shoe,
.015* thk

Kapton, .005" thk

Z cap "
(Kapton, .005" thk) .00% Teflon sheet cut to
wicdth of outer coil at assy

-+

Coil caps {Kapton, .004" thk}

Coil caps (Kapton, .004" thk)

002" Teflon {+.0015 glue)

Figure 8. Assembly drawing of the ground insulation of 2 BNL 4-cm-aperture, 17-m-
long collider dipole magnet coil. The dimensions are in U.S. customary
units: 0.001 in= 25.4 pm.

3.2 Collaring and Keying

Collaring is one of the most important steps in the magnet assembly. It is during collaring
that the coil is pre-compressed, and it is this pre-compression which deflects the collars and creates
the interference with the yoke along the vertical diameter. It is, therefore, crucial 1o achieve suitable
pre-compression and suitable collar deflection in demonstrating the feasibility of the line-to-line fit
design. Similarly, the design’s feasibility hinges on whether the coil pre-compression and collar
deflection for real magnets are reproducible enough to make these features part of a production
process. We shall now describe the demils of the collaring technique, then discuss the
reproducibility of the collaring data on our sample of magnets.

3.2.1 Optimizing the Coil Pre-Compression

3.2.1.1 Pole Shims. As just stated, one of the goals of collaring is to apply to the coil a
suitable level of azimuthal compressive stress. The azimuthal pre-compression is achieved by
squeezing the coil into a cavity smaller than the coil at rest. The level of pre-compression is
determined by the coil’s size and spring rate and by the arc length of the cavity delimiled by the
collars. However, the coil properties depend on many parameters, including the conductor
dimensions, the epoxy content of the insulation, and the curing parameters, which in the course of
an R&D program are deliberately varied. To achieve a reproducible level of pre-compression, the
arc length of the collar cavity must therefore be varied. Since it is not practical to stamp new
collars for each magnet, the collars are deliberately designed with cavities larger than necessary.
Brass shims of adjustable thicknesses, referred to as pole shims, are introduced between the collar
poles and the coil. The level of coil pre-compression is thus determined by the pole shim
thickness.
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3.2.1.2 Optimizing the Pole Shim Thickness. Since the coil properties can vary, the most
reliable way to optimize the shim thickness is 1o measure the actual size under pressure of each
individual quarter-coil before collaring, as described in paragraph 3.1.3 “Azimuthal Coil Size
Measurements.” Let s, designate the measured azimuthal size of a given quarter-coil under a
pressure, G, The spring rate of the coil is a non-linear function of the coil stress; however, as we
mentioned earlier, for pressures in the 35-80 MPa range, it can be considered as constant. The
azimuthal coil size, 5, can then be related to the coil stress, ¢, and to the coil spring rate, k, by

G = Op+k{s —5,) . )
To achieve a target pre-compression, &, the azimuthal size of the coil must be

O~ C,
et @

Let I, designate the fixed arc length of the collar cavity containing a given coil layer. The
thickness, ¢, of the two identical shims to be inserted between the upper and bottom poles of the
collar and the quarter-coils of the given layer is determined by

Ilp = S, +5+2, 3

where 5, designates the azimuthal size of the upper quarter-coil of the given layer under the pressure
Oy, and 5, the azimuthal size of the lower quarier-coil.

Table 2 summarizes the coil size measurements of the magnets of interest. The values in
Table 2 are, in fact, the differences between the actual coil sizes, s,,,, and that of the master, s, for
the quarter-coil of the given layer under a compression, o, These are averaged over the upper and
lower quarter-coils. If 14 designates the design shim thickness, defined as

!
‘d=-2Q—Sd, (4)

the optisnized shim thickness, ¢, is given by

IO = ‘d —(Sm“sd) . (5)

(In deriving Eq, (5), we assume that &, = ¢. If it does not, the sizes would have to be corrected
using Eq. (2).)

In practice, however, Eqgs. (3) through (5) must be corrected to take into account the collar
deformations. As the coil is pre-compressed into the collars, it exerts a large pressure against the
collar poles, which results in a deflection of the collars along the vertical diameter. As the collars
deflect, the azimuthal length of the collar cavity increases, which, in trn, results in a decrease of
the coil azimuthal compressive stress, The amplilude of this effect is not easy to predict, for, as we
shall describe later, the collar deformations are partially inelastic (see paragraph 3.2.4, “Collar
Deflection Comparison”). The deformations are nevertheless reproducible, and an empirical
correction can be derived.

3.2.1.3 Implementing the Pole Shims. Whereas in principle it would be possible (o take
many coil size measurements and custom-design shims for each individual coliar pack, this would
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considerably increase assembly time. Therefore, in practice, custom-designed shims are used only
for the packs covering the coil ends or at the axial locations where there are large deviations in the
coil sizes. For the straight sections, the optimization is done on average over the coil length, and
an average shim thickness is calculated for each of the coil layers. Trials are then performed in order
to verify the shim sizing in relation 1o the target pre-compressions. If the target pre-compressions
are not achieved, the shim thicknesses are adjusted. Table 2 presents the result of this optimization
for the coil straight sections of the magnets of interest. (The target pre-compression is 70 MPa
for the inner layer and 55 MPa for the outer layer; the design shim thickness is 533.4 um for the
inner layer and 660.4 um for the outer layer.) Shims of the pre-determined thicknesses and of the
same length as the collar packs are then mounted on the eight faces of the collar poles of each
pack. In order to avoid sliding during collaring, they are mechanically seated by means of small
tabs fitting into grooves in the end of each pack. (To permit an efficient seating, the pack lengths
are eventually adjusted to that of the shims by means of washers between some of the
laminations.)

3.2.14 Coil Midplane Position. As mentioned earlier, the current plan is to use shims
only during the R&D phase of the program. Once the parameters of the design are entirely
determined and the fabrication process is under control, the shim thicknesses should no longer vary
from magnet to magnet. It will then be a matter of correcting the pole angle of the collars to
include this exra thickness. However, experience with the HERA dipole magnets showed that the
shimming could not be abandoned, for it offers a means to correct for eventual errors in the skew
quadrupole component of the magnetic field.2” A skew quadrupole component usually arises from
a displacement of the coil midplane. The position of the coil midplane is determined by a force
balance between the upper and lower quarter-coils. If a quarter-coil is larger or stiffer than the
corresponding quarter-coil of the other half (that is, if s, and 5; are not equal), the midplane is
shifted, and an asymmetry is introduced between the coil halves. This asymmetry results in a skew
quadrupole component. There is no way Lo control the position of the midplane, except by
controlling the coil properties. If the coils cannot be made perfectly identical, one can either sort
the coils to assemble matching pairs or partially correct for the differences between s, and 5 by
introducing different-sized pole shims between the upper and lower halves. For instance, let £, and
1) designate the thicknesses of the upper and lower pole shims. Eq. (3) then becomes

lo= (sy+1)+ (s +1) . {6)

Another equation must be added to express the minimization of the skew quadrupole component,
which either requires a numerical computation or must rely on empirical data. In the case of the
SSC dipole magnets, the goal is to impose very light quality control on the coil fabrication in
order to produce coils with nearly identical propenies that would not require any sorting or
shimming. The pre-production series magnets will tell us if such a goal is achievable.

3.2.2 Collaring and Keying

3.2.2.1 Description of the Process. Once the shims have been installed on the collar packs,
the packs are placed manually around the coil and beam tube assembly, starting from the lead end
of the coil, where the electrical connections are located. The assembly is then placed onto a
precision, carefully aligned bed against which the collaring press operates. The press itself is about
2 m long and is moved along the collaring bed, as seen in Figure 9. It is equipped with two series
of hydraulic cylinders. The vertical cylinders are used to press on the top and bottom halves of the
collar packs until the keyways at the collar sides are almost aligned. The horizontal cylinders are
then pressurized incrementally 1o drive the tapered keys into the keyways, as the vertical cylinder
pressure is incrementally reduced. Once the keys are inserted, the horizontal pressure is released.
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Figure 9. B collaring press for the 4-cm aperture, 17-m-long collider dipole magnet
prototypes.

Figure 10 shows typical profiles of the collaring pressures and of the pressure exerted by the
coil against the collar pole during the assembly of magnet DC0204, as measured by the beam-type
strain-gange transducers of the strain-gauged pack. The coil stresses presenied here are averaged over
the four ansducers of each layer. As can be seen in Figure 10, coil compression increases as
vertical pressure is applied. It is maintained roughly constant during key insertion, then abruptly
decreases as the collaring pressures are released. What we referred to earlier as target pre-
compression is, of course, the pre-compression that remains once the collaring is completed. This
level of pre-compression is achieved by appropriately sizing the pole shims; but to assemble the
collared coil, the keys must be inserted, and for a given shim size—or more generally speaking,
coil package size-—the key insertion requires that the coil be compressed to a higher level than that
of the target pre-compression.
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Figure 10, Collaring pressures and coil sesses during the collaring of BNL 4-cm-
aperture, 17-m-long collider dipole magnet prototype DC0204. The siress
data are averaged over the four coil quadrants,
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3.2.2.2 Limiting the Coil Overpressure. As mentioned in the introduction, the peak
pressure during collaring must be limited because it creates a risk of damaging the coil insulation.
This led to the use of tapered keys.2! The advantage of tapered keys over squared keys is that due
to their taper they can be forced into the keyways without these being perfectly aligned. In the case
of square keys, both halves of the collar needed to be perfectly joined so that the keyways would be
fully open before insertion of the keys. But with tapered keys, part of the horizontal driving force
can be used 1o fully open the keyways, and thus to complete the conjunction of the collar halves.
Because the keyways need not be as open as for the squared keys, less vertical pressure is required
to start the key insertion, which in turn allows one to limit the peak stress seen by the coil during
collaring. In the case of 4-cm SSC dipole prototypes, the maximum pressure needed to insert
square keys can be as high as 140 MPa, while that to insert tapered keys can be limited to the
desired 70 MPa.

Another difference between the square-key and the tapered-key techniques is that the latter
permits control of the spring back of the collars at the time of the collaring pressure release. This
spring back comes from the fact that while they are under the collaring press, the collar arms are
almost stress-free (they see only a small outward bending moment resuiting from the coil radial
pressare); after the completion of collaring and keying, the collar arms of the keyed assembly are in
tension. At the time of the collaring pressure release, the collar arms spring back from zero into
tension, This effect is particularly dramatic for the square key collars which are overcompressed 1o
fully open the keyways. It can be greatly reduced (and even eliminated) in the case of tapered keys,
which can be driven against the loading surface of the collar keyway, thereby pre-tensioning and
elongating the collar arms (in the ¢lastic range) as they end up in the keyed assembly. The spring
back of square key collars is typically between 25 and 35 MPa, and that of tapered key collars
usually less than 15 MPa.

A last feature of the tapered-key insertion method is that as the keys load the collar keyways
and complete the collar halves conjunction, they increase the clamping force on the coil. The
vertical collaring pressure can then be decreased accordingly to maintain a constant coil pressure
during the operation. This is clearly illustrated in Figure 10, where, as the horizontal pressure is
incrementally applied, the vertical pressure is incrementally reduced, and both inner and outer layer
stresses stay constant. This also helps reduce coil overpressure during collaring. In practice, a film
of lead-based lubricant is applied to the tapered keys (o facilitate their insertion.

3223 Tapered Key versus Square Key Technique. As we described, the primary reason for
using tapered keys is to limit coil overpressure during collaring. On the other hand, the main
objection to the tapered key technique is that as the keys are inserted and force open the keyways,
they can distort the keyways or become distorted themselves. This can result in non-uniformities
on the vertical diameter of the collared-coil assembly along the magnet length, and thus in
magnetic field distortions. On the other hand, in the case of squared keys, the complete opening of
the keyways is effected by the vertical pressure, and the keys could be inserted virtually by hand.
Thus there is minimal key distortion and minimal risk of non-uniformity. Later, we shall see that
although the tapered key technigue on earlier prototypes led 10 somewhat erratic distortions,8 the
collar deflections are now very reproducible, and there is less concem of degrading the field quality.

The most serious objection to the tapered key technique that can be envisioned is that the
horizontal force used (o drive the keys in also loads the coil at the midplane. This load is applied in
an area where the two half-coils can slide on the midplane ground insulation, eventually causing
the midplane turns to move inward. There is no easy way to prevent this from happening. One
possibility is 1o support the coil from the inside by inserting a collaring mandrel. Such a technique
was used for the fabrication the HERA magnets. In the case of the HERA dipole magnets, the
collaring process had three main phases. First, the collars were pressed onto the coil with the
mandrel in place and with a vertical force of about 2 MN/m. Second, the vertical force was reduced
to 500 kN/m, and the collaring mandre] was extracted. And third, the collars were re-pressed with a
vertical force varying from 3.5 t0 4.5 MN/m, and the stzinless-steel pins, which in the HERA
dipole magnet design are used to lock the collar packs around the coil, were inserted through the
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holes of the collars laminations. (These stainless-steel pins serve a purpose similar to that of the
keys in the SSC dipole magnet design.) The application of such a collaring process to the SSC
dipole magnets could eventually help reduce but not eliminate the risk of midplane turn motions.
Indeed, the collaring mandre! would still have to be removed prior to key insertion—that is, prior
to the application of the horizontal force, which evenmally causes these motions.

3.2.3 Coil Pre-Compression Comparison

The target pre-compressions are 70 MPa for the coil inner layer, and 55 MPa for the coil
outer layer at room temperature. Having described the collaring process, we now need to verify that
these goals can be achieved and that the eventual fluctuations from magnet to magnet are not
random.

32.3.1 Effective Size of Coil Package. To make cross-magnet comparisons, we need 10
find a sensible way 10 reduce the data. From what we described above, coil compression results
from squeezing the coil into a cavity smaller than its size at rest. Fluctuations in the coil
compression are, therefore, expected 1o originate from differences in the collar cavity sizes and in
the size of the coil package itself {and eventually in the coil modulus). Two types of collars were
used for the magnets described in this paper: round and anti-ovalized. The anti-ovalized collars have
the same geomelry as the round collars, except that the centers of the top and bottom collars have
been shified with respect 1o each other by a distance 2g = 254 pum towards the midplane. Compared
to that of the round collars, the arc length of the anti-ovalized collars cavity is, therefore, reduced
by 2a, for both inner and outer layers. On the other hand, the coil package size can be calculated by
adding the shim thickness and the actual quarter-coil size. An appropriate parametet for cross-
magnet comparisons seems to be the parameter m, defined for each layer by

m =1+ (Sgp—5d) for round collars, (7a)

m=t+{sp-s53)+a for anti-ovalized collars. (Tb)

In the following, we shall refer to m as the effective size of the coil package.

3.23.2 Inner Layer Pre-Compression. Figure 11 presents summary plots of the inner coil
stress versus the effective size of the inner coil package at various times of the assembly and
testing of the nine magnets described in this paper. For clarity of presentation, the magnets have
been divided into two series: Figure 11(a) shows the data for magnets DD0026, DDO027, DDOO28,
and DC0201, and Figure 11(b) shows the daia for all the remaining DC-series magnets, The
stresses reported here are those measured in average over the four inner-layer strain-gauge
transducers; the values of m are those listed in Table 2 and are calculated from the inner coil size
measurements at the axial location of the strain-gauge pack. Squares mark the peak stress during
collaring, and crosses mark the stresses just after collaring: diamonds represent data just before
cooldown, and circles represent data just after cooldown. In case two magnets have approximately
the same coil package size, the data of one of the magnets are differentiated from that of the other
by means of arrows. For magnets DD0027 and DD0028, which have two strain gauge packs, the
two series of data are differentiated by means of the letters FE and RE, which refer to the locations
of the strain-gauge packs with respect to the magnet ends: FE for the pack closest to the lead end,
and RE for the pack closest to the return end.
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Figure 11. Summary of coil inner layer pre-compressions at various times of
assembly and testing versus effective sizes of inner layer package for most
recent BNL 4-cm-aperture, 17-m-long collider dipole prototypes: a) inner
tayer using a fiberglass wrap with an epoxy content of 24% in weight,

b) inner layer using a fiberglass wrap with an epoxy content of 20% in
weight. The pre-compression data are averaged over the four coil quadrants.
The effective sizes of the inner layer packages are calculated at the
locations of the strain-gauge packs.
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Let us first comment on Figure 11(a). Three main features need 1o be discussed: 1) the peak
stresses during collaring are all below 100 MPa; 2) there is a stress relaxation between the end of
keying and the beginning of testing; and 3} despite the dispersion of the afier-keying data, the
before-cooldown data lie on a regular line. As described earlier, one of the main concems during
collaring is to limit the coil overpressure. The data presented in Figure 11 show that the BNL
tapered-key insertion technique allows us to limit this overpressure (0 a reasonable level. The fact
that the before-cooldown data are below the after-keying data is surprising. From what we described
earlier (see paragraph 2.1.1, “Baseline Design Concepts™), we would expect the shell-welding to
result in an increase of the force exerted by the yoke on the collars, and, thus, in an increase of the
coil azimuthal compressive stress. In reality, it appears that during the first few days following
magnet assembly the stresses relax, and the amplitude of this relaxation is larger than the stress
increase resulting from shell-welding. The origin of this relaxation is not yet fully understood.
The most likely cause is flow or creep of the Kapton insulation, whose yield point (69 MPa at
room temperature and 3% elongation) has been locally exceeded. Micrographic observations have
indeed shown that the Kapton insulation had a tendency to flow into the voids between the cable
strands and at the comers of the coil, at both the pole plane and the midplane.2® It is, however,
remarkable that at the time of testing, the stresses have stabilized at the fairly reproducible level of
5060 MPa, right below the yield point of Kapton. This relaxation is not desirable, of course, but
it is not thought to be a problem here, since it appears reproducible. Figure 11(a) also shows the
stresses after cooldown, but these data will be discussed in paragraph 4.2.2, “Review of Inner-Layer
Cooldown Stress Loss Measurement.”

In comparison to Figure 11(a), the data in Figure 11(b) are more scautered and do not exhibit
the same clear trends. First, it is odd to find that it is the magnet with the largest inner coil
package, DC0203, that achieves the lowest pre-compression level. Second, the amplitude of the
siress relaxation between the after-keying data and the before-cooldown data appears to be much
larger than for the magnets of Figure 11(a). This larger relaxation results in the fact that all the
magnets except DC0206 end up at the time of testing with a lower stress level than that observed
in Figure 11(a): around 40 MPa for magnets DC0202, DC0204, and DC0203, and as low as 30
MPa for magnet DC0203. Also, neither the before-cooldown data, nor the after-cooldown data lie
on regular lines. The only known differences between the magnets in Figure 11(b) and in Figure
11(a) are (see paragraph 2.2, “Variants™): 1) the shims that were added at the tops and bottoms of
the collars, and 2) the lower epoxy content of the inner conductor fiberglass wrap (the epoxy
content was lowered from 24% in weight for the magnets in Figure 11(a) to 20% in weight for the
magnets in Figure 11(b)). The addition of the collar-yoke shims can only increase the force exerted
by the yoke on the collars, and thus can only result in an increase of coil pre-compression. On the
other hand, lowering the epoxy content without changing the other parameters of the fiberglass
wrap is equivalent to replacing matter with void, thus leaving more room for the Kapton to flow as
well as decreasing the rigidity of the fiberglass filling. 1t is therefore most likely that the difference
in behavior between the two series of magnets is due to the change in epoxy content. Of course,
the simation depicted in Figure 11(b) is not desirable. It also demonstrates the exireme sensitivity
of the mechanical properties of the coil ¢ any change in design parameters.

3.2.3.3 Outer Layer Pre-Compression. Figure 12 presents the same kind of plots for the
outer coil stress versus the effective size of the outer ceil package. For clarity of presentation, the
magnets have been divided into two series: Figure 12{a) presents the data for the DD-series
magnets, and Figure 12(b) presents the data for the DC-series magnets. Both plots seem to follow
trends similar 10 those of Figure 11. There is, however, one striking difference between the data in
Figure 11 and the data in Figure 12: there is no apparent decrease in outer-layer stress between the
time of keying and the time of testing. Even in the case of the DD-series magnets, the before-
cooldown stresses appear 1o be higher than the after-keying stresses. This would indicate that in the
case of the outer layer, the stress relaxation that eventually follows collaring is smaller than the
stress increase resulting from shell-welding. In other words, there appears to be less Kapton flow or
Kapton creep in the coil outer layer than in the coil inner layer. A plausible explanation for this
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different behavior is that the outer layer sees much less overpressure during collaring. For instance,
the peak stresses reported in Figure 12 are all below the yield point of Kapton. One can then
speculate that this limited overpressure induces less Kapton flow, resulting in very little change in
the coil azimuthal compressive stress.
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Figure 12. Summary of coil outer layer pre-compressions at various times of
assembly and testing versus effeclive sizes of outer layer package for
most recent BNL 4-cm-aperture, 17-m-long collider dipole prototypes:
a) DD-series magnets, b) DC-series magnets. The pre-compression data are
averaged over the four coil quadrants. The effective sizes of the outer layer
packages are calculated at the locations of the strain-gauge packs.
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We have deliberately separated the foregoing discussions of the inner and outer stress data.
This separation is of course arbitrary, for the collars compress the two coil layers at the same time.
Figure 13 shows an example of a spring model that could be used to describe the coil/collar
interaction. If we wanted to be thorough, we would have to add the friction at the interface between
the two coil layers and at the interface between the coil and the collars. The interdependence of the
two layers could eventually explain some of the particularities observed in Figures 11 and 12. This
is not, however, the place to conduct such an analysis, and we shall therefore limit curselves to
what has already been presented.

Collar

Inner layer

Collar
Quter layar

Inner layer Outer layer

| I Ead

Figure 13. Spring model describing the coil/collar interaction in the collared-coil assembly
of a BNL 4-cm aperture, 17-m-long collider dipole magnet prototype.

3.2.4 Collar Deflection Comparison

Having discussed the coil pre-compression, the next step is to verify that this pre-
compression results in snitable and reproducible collar deflections.

Let us first define what we mean by collar deflections. A nominal collar deflection along a
given axis can be defined simply as the difference between the measured diameter of the collared-
coil assembly along this axis and the design inner diameter of the yoke along the same axis. There
is no problem in comparing horizontal deflections of round and anti-ovalized collar magnets,
because they have the same horizontal dimensions. For the vertical deflections, however, there will
be an offset of amplitude 2a. For cross-magnel comparison purposes, we shall, therefore, use for
the vertical deflection an effective deflection, d,,,, defined by

d,. = nominal vertical deflection for round collars, (8a)

dye

Now, the collar deflections result from simultaneous compression of the inner and outer coil
layers. The relevant parameter (o do cross-magnet comparison of these deflections is, therefore, the
average siress, 0y, defined by

nominal vertical deflection + 2a for anti-ovalized collars. (8b)

_ Ojwj + OoWo
O'a - ] (9)
Wi+ Wq

where o; and o, designate the inner and outer layer stress, and w; and w, designate the inner and
outer conductor widths,
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Figure 14 features a plot of the effective venical deflections (upper data) and the nominal
horizontal deflections (lower data) measured along the length of the collared-coil assembly of
magnet DCO204. On average, the collared-coil assembly appears to deflect vertically outward by
about 280 pm, and to deflect horizontally inward by about 50 um. Figure 15 features a summary
plot of the effective vertical deflection (upper data) and the nominal horizontal deflection {lower
data) versus the average coil pre-compression for the nine magnets described in this paper. (The
deflections are measured at the location of the strain gauge packs.) The main feature of Figure 15
is that the collar deflections appear 1o be relatvely independent of the coil pre-compression. This is
certainly true for the vertical deflections, which lie within 50 tm of each other, while the average
pre-compression varies from 45 MPa to slightly more than 60 MPa. The horizontal deflections
exhibit more dispersion. This dispersion, however, may be explained by the fact that different
magnets were keyed with different horizontal pressures.

The fact that the collar deflections do not relate to the average stress indicates that the
deformations of the collared-coil assembly are partially inelastic. This inelasticity is probably
introduced by scoring of the tapered key during the keying procedure described above. However,
unlike the earlier prototypes where the scoring of the keys led 1o emratic collar deflections, 28 it now
appears that the collared coil can be assembled in order 10 produce a consistent and suitable vertical
deflection, with a limited, inward horizontal deflection. These inelastic deformations are therefore
no longer thought to be a problem. They can even be seen as an advantage, since to some extent
they decouple the collar deflections from the azimuthal swress, thus rendering the shape of the
collared-coil assembly less sensible to the mechanical properties of the coil. The reproducibility of
the collar deflections demonstrated in Figure 15 is an important step in demonstrating the
feasibility of the line-to-line fit design.
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Figure 14. Effective vertical deflections and nominal horizontal deflections measured
along the collared-coil assembly of BNL 4-cm-aperiure, 17-m-long collider
dipole magnet prototype DC0204.
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Figure 15. Summary of effective vertical collar deflections and nominal horizontal
collar deflections versus average coil pre-compressicns for most recent
BNL 4-cm-aperture, 17-m-long collider dipole prototypes. The deflections
are measured at the location of the strain-gauge packs. The pre-
compression data are averaged over the four coil quadrants.

33 Yoke-Stacking and Shell-Welding

Yoke-stacking and shell-welding operations are straightforward. First, the bottom yoke
halves are stacked and aligned on a precision plate. Alignment bars are inserted through the
clectrical bus slot, and tie rods are drawn through the yoke tube hoies 10 hold the modules together
{both the bars and the rods are removed at the end of shell-welding). The bottom half-shell is then
assembled around the bottom yoke, and yoke and shell are rotated 180°. Next, the collared-coil
assembly is laid into the bottom yoke halves and is covered with the top yoke halves and shell, as
depicted in Figure 16. The two shell halves are clamped with stainless-steel clamps, called band
clamps. These are tightened until the gaps between the two shell halves on each side of the
magnets are reduced to 1.5 mm. The two halves are then tack-welded every 30 cm, and the band
clamps are removed. Last, the gaps between the shell halves are filled up by two successive
welding passes, called the root pass and the firal pass. Welding is done manually by two welders,
one on either side of the cold mass, who try 10 stay in step with one another, as shown in Figure
17. The welding rod material is 308L. stainless steel.

As we describe throughout the paper, the key idea of the line-to-line fit design is to
assemnble the collared coil so that it will interfere with the yoke on the vertical diameter. The first
step in verifying that this interference occurs is to measure the collar deflections. The second step
is to verify that a gap remains between the two yoke halves after they are placed around the collared
coil assemnbly. On the other hand, as we also described earlier (see paragraph 2.1.4, “Yoke and
Shell™}, a gap at the yoke midplane is undesirable in the cold state because it could eventually alier
the rigidity of the support against the radial component of the Lorentz force. A conservative
solution to this problem is to ensure that the yoke gap is closed at room temperature by the end of
shell-welding. The closure of the yoke gap is thus monitored throughout the welding process
through small openings of a few centimeters, left every 2 m along the welding path to allow
insertion of feeler gauges.
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Figure 16. Yoke-stacking operation on a BNL 5-cm-aperture, 15-m-long collider
dipole magnet prototype. The operation is similar on a 4-cm-aperture
prototype.

W,

Figure 17. Shell-welding operation on a BNL 5-cm-aperture, 15-m-long collider
dipole magnet prototype. The operation is similar on a 4-cm-aperture
prototype.

Table 3 presents a summary of the yoke gap history during shell-welding of some of the
magnets described in this paper (the values are averaged over all measurements, on both sides of the
cold mass). It can be seen that for the DD-series magnets, which use round collars, a small gap
remains after the shell-weiding. It was to correct for this gap that anti-ovalized collars were
designed. Indeed, magnet DC0201, which was the first magnet to use anti-ovalized collars, shows
no gap at the yoke midplane. In the case of DC0201, however, the gap appears to be closed from
the beginning of assembly. This raises the question of whether there is an adequate yoke-collar
interference on the vertical diameter. It is to resolve this uncertainty that shims were added at the
top and bottom of the collared coil assemblies of the subsequent DC-series magnets. The data for
magnets DC0204 and DCO205 show that the combination of anti-ovalized collars and collar-yoke
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shims produces the desired effect on the yoke midplane gap: it is wide open at the beginning of
yoke assembly, ensuring the existence of a yoke-collar interference, and it is closed by the end of
shell-welding, providing the best assurance that it will stay closed throughout cooldown and
energization, The yoke midplane gap can thus be controlled, and it can be verified during assembly
that it is correctly open or closed. These two facts constitute another step in demonstrating the
feasibility of the line-o-line fit design.

Table 3. Average Yoke Gap History During the Shell Welding of Most Recent BNL
4-cm-Aperture, 17-m-Long Collider Dipole Prototypes (in um).

Magnet Pre-Tack Tack Root Final

DDO027 270 140 90 50

DC0201 0 0 0 0

DC0O204 250 160 90 0

DC0205 330 150 50 0
3.4 End Plates

The last phase of the assembly is mounting of the end plates and setting of the screws,
which load the coil ends axially. The first screws {0 be mounted are those of the return end, which
contain the bullet gauge assemblies. The four set screws are tightened until the buliet gauges
register the desired axial pre-load. The torque value needed to reach this pre-load is noted, so that the
screws at the other end of the magnet, which does not contain bullet gauge assemblies, can be
tightened to the same torque value. {The setting of the additional yoke set screws mounted on the
end plates of magnets DD0026 and DD0027 was not recorded.)

The first column of Table 4 summarizes the total axial pre-loads (summed over the four
bullet gauges) as measured at the end of the assembly of the nine magnets described in this paper.
The pre-load setting for the DD-series magnets and magnet DC0204 was 4.5 kN total. On
subsequent magnets, the setting was increased in order to compensats for the unexpectedly large
loss observed during cooldown (see paragraph 4.3, “Change in Coil Axial Pre-Load During
Cooldown™). It was raised to 7.5 kN on magnets DC0201 and DCO0202. It reached 9.5 kN on
magnets DC0203 and DC0205. Finally, magnet DC0206 was set to 35 kN.

Table 4. End Force Measurements Afier Assembly and Before Cooldown on Selected
BNL-Built, 4-cm-Aperture, 17-m-Long Collider Dipole Magnet Prototypes.

Magnet After Afier
Assembly Mounting on
{kN) Test Stand
&N)
DD0026 4.6 83
DD0027 50 11.2
DDO0023 44 14.6
DC0201 1.5 6.8
DC0202 7.9 14.0
DC0203 9.5 16.4
DC0204 4.9 8.6
DC0205 9.9 12.7
DC0206 35.9 45.2
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The second column of Table 4 lists the total end-force registered by the bullets just before
cooldown of these magnets, after they have been mounted on the test stand. Although these
measurements are taken al room temperature and before any exercise of the magnets, the values
appear widely spread and 2-to-3 times higher than they were at the end of assembly. The reason for
this increase has not yet been fully investigated, but it is probably related to shrinkage effects
induced by the welding of the bonnet (see paragraph 2.1.5, “End Parts™) 10 the so called single-
phase bellows of the test stand. (The bellows connect the magnet cold mass to the end can of the
test stand for He distribution.) Of course, these erratic changes are not desirable. However, they are
not thought to be a problem for the cold-testing of the magnets, because they all corespond to an
increase of axial pre-load. As long as this increase is limited and does not create a risk of shorts at
the coil ends, it can only improve the axial support of the coil.

3.5 Summary

In this section, we reviewed the fabrication processes of the nine most recent BNL 4-cm-
aperture, 17-m-long SSC dipole prototypes. For each step of the fabrication (coil winding and
curing, collaring, yoke-stacking and shell-welding, and mounting of end plates}, we discussed the
parameters that need to be controlled (coil size, coil azimuthal pre-compression, collar deflections,
yoke midplane gap, and coil axial pre-load}, and we compared their values for the nine magnets.
Although it appears that the level of the coil pre-compression achieved for the magnets using a
fiberglass wrap with an epoxy content of 20% in weight is lower than expected, and although the
coil axial pre-load appears to be dramatically affected by the welding of the magnets on the test
stand, the assembly data are coherent and in line with the design concepts thar were developed.
Especially, it appears that the vertical collar-yoke interference, which is the comerstone of the line-
to-line fit design, can be controlled and can be made reproducible from magnet to magnet. Having
discussed the magnet assembly, the next step is to see whether these satisfactory data ranslaie into
the expected mechanical behavior during cold-testing.

4 MAGNET COOLDOWN
4.1 Introduction

The first imporiant step after magnet assembly is cooldown from room temperature to LHe
temperature. During cooldown, the various parts that constitute the magnet shrink with different
thermal expansion coefficients. In the azimuthal direction, the coil is expected to shrink more than
the stainless-steel collars. In the radial direction, collars made of Nitronic-40 stainless steel shrink
more than the iron yoke, while High-Manganese steel collars shrink less. And last, in the axial
direction, the coil is expected to contract less than the outer steel shell, which, in tumn, is expected
to shrink more than the supposedly monolithic iron yoke. These thermal shrinkage differentials
result in changes in coil azimuthal compressive stress and coil axial loading. If not controlied, they
can lead to a situation where the coil is not sufficiently supported during excitation. Also, as there
are large frictional forces involved, some parts of the magnet cold mass can be prevented from
shrinking as much as they would, resulting in stress lock-ups. There is then a risk that these stress
lock-ups could be released during excitation, leading to heat dissipation and unexpected quenches.

In this section, we shall attempt to summarize the coocldown data from the nine magnets
considered in this paper. The data reported here are those measured by the two types of strain
gauges described in paragraph 2.3, and which are monitored throughout cooldown by a slow data
logger system. However, the strain gauges themselves are very sensitive to temperature. 163031
To convert the gauge outputs into swess or force, we therefore need 10 use calibrations at the
corresponding temperature. In practice, the gauges are calibrated only at room temperature and LHe
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temperature. The stress or force can thus be accurately computed only at these two temperatures.
We shall therefore limit our analyses to the before- and after-cooldown values, and we shall not
consider the intermediate temperatures. The section will be divided into two paragraphs, in which
we shall successively discuss the change in coil azimuthal compressive stress and the change in
coil axial loading. First, we shall try to predict the sign and amplitude of the change, and then we
shall review the actual data. As we did for the assembly, we shall try to determine if the cooldown
data are reproducibie from magnet 10 magnet, and, if they are not, we shall try 10 explain the
differences and to find comelations with specific magnet features.

4.2 Change in Coil Azimuthal Compressive Stress During Cooldown
42.1 Predicting the Cooldown Stress Loss

Three effects have to be taken into consideration to estimate the change in coil azimuthal
compressive stress during cooldown: 1) the thermal shrinkage differential between the coil and the
cotlars in the azimuthal and radial directions, 2) the thermal shrinkage differential between the
collar and the yoke steels in the radial direction, and 3) the non-linearity and temperature dependence
of the coil mechanical properties. Let us first discuss these three effects, then estimate the
cooldown stress loss.

4.2.1.1 Thermal Shrinkage Differential Betweer Coil and Collars. The thermal expansion
coefficient of the coil in the azimuthal direction, integrated between room temperature ang L.He
temperature, ¢, was measured to be 4.5 x 10°3, compared to 3.0 x 102 for Nitronic-40 stainless
steel, and 1.7 x 10-? for High-Manganese stainless steel.32 During cooldown, the coil thus
shrinks more than the collars, This shrinkage differential results in an apparent increase of the arc
length of the collar cavity, Al;. An upper limit of the increase, Alyy, can be estimated by
assuming that there are no frictional forces between the coil inner layer and coil outer layer, and
between the coil outer layer and the collars. This upper limit is expressed as

Ay = (@ - a)ly (10)

where o is the thermal expansion coefficient of the collar steel, integrated between room
temperature and LHe temperature, and {p is the arc length of the collar cavity at room temperature
(I = 64.3 mm for the coil inner layer, and Iy = 55.4 mm for the coil outer layer).

Typically,

Al

—lJm = 1.5x 103 for Nitronic40 steel collar magnets, and
0

Al

_llm = 2.8x 1073 for High-Manganese steel collar magnets.
0

In the absence of friction, the apparent increase of the arc length of the collar cavity resulting from

the thermal shrinkage differential between the coil and the collars is thus expected to be 87% larger

for High-Manganese stee} collar magnets than for Nitronic-40 stee! collar magnets.

4.2.12 Thermal Shrinkage Differential Between Collar and Yoke Steels. Al room
temperature, the magnet is assembled in such a way that there is a perfect fit between the outer
surface of the collared-coil assembly and the inner surface of the yoke. However, the thermat
expansion coefficient of the yoke low-carbon steel, integrated between room temperature and LHe
temperature, was measured at 2.0 X 103, compared to 3.0 x 10-3 for Nitronic-40 stainless steel,
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and 1.7 x 10-3 for High-Manganese stainless steel.>? Thus, during cooldown, the iron yoke
shrinks differently from the collars. This thermal shrinkage differential will influence the collar-
yoke fit, eventually resulting in a change of the shape of the collared-coil assembly.

Let us first consider the case of the Nitronic-40 steel collars magnet. During cooldown, the
inner diameter of the iron yoke is expected to become larger than the outer diameter of the collars.
As it shrinks away, the yoke leaves some room for the collared-coil assembly to spring back along
the verticai diameter and to assume the oval shape it had prior to yoke-stacking. If we assume that
the yoke midplane gap is always closed, the spring-back is accompanied by a stretching of the
collar cavity, eventually resulting in a decrease of the coil azimuthal compressive siress. An upper
limit of the increase in arc length of the collar cavity resulting from the thermal shrinkage
differential between the yoke and collar steels, Al,, can be estimated by assuming that there is no
loss of vertical contact, and no frictional forces between the collars and the yoke. So we have

Alyn = (0, - a_y) dy for Nitronic-40 steel collars, (11a)

where ay is the thermal expansion coefficient of the yoke low-carbon steel, integrated between
room temperature and LHe temperature, and d, is the inner diameter of the yoke at room
temperature (4:ly = 110.8 mm).

Typically,

Al

__.EZm = 1.7x 103 for coil inner layer, and
)

A—:zl“— = 2.0x 10-3 for coil outer layer.
0
For Nitronic<40 steel collar magnets, the effect of spring-back of the collared-coil assembly inside
the yoke, due to the thermal shrinkage differential between the collars and the yoke in the radial
direction, is thus expected to be 13 10 33% larger than the effect of the thermal shrinkage
differential between the coil and the collars in the azimuthal direction

Let us now consider the case of High-Manganese steel collar magnets. During cooldown,
the iron yoke is expected to shrink more than the collared-coil assembly. If, at room temperature,
we started with a perfect fit between the outer surface of the collared-coil assembly and the inner
inner surface of the yoke, the differential thermal shrinkage results in an increase of the radial
pressure exerted by the yoke onto the collars. This increase in radial pressure is eventually
supported by the collared-coil assembly, and the outer radius of the collared-coil assembly is
reduced. A reduction in radius results in an apparent decrease of the arc length of the collar cavity,
causing the coil azimuthal compressive stress to increase. An upper limit of the decrease in arc
length of the collar cavity resulting from the therma! shrinkage differential between the yoke and
collar steels, Ay, can be estimated by assuming that the yoke midplane gap is always closed and
that the yoke is infinitely stiff. It is expressed as

Ay = (@, - &)y for High-Manganese steel collars.  (11b)
Typically,
Al 3 :

b - 03x 10 for both inner and outer layers.
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For High-Manganese steel collar magnets, the thermal shrinkage differential between the collars
and the yoke in the radial direction is thus expected to partially compensate for the large thermal
shrinkage differential between the coil and the collars in the azimuthal direction.

4.2.1.3 Non-Linearity and Temperature Dependence of the Coil Mechanical Properties.
Typical stress-strain curves, measured on straight stacks of SSC-type conductors, can be found in
References 26, 33, and 34. The data in Reference 33 are for conductor stacks using the Kapton-
fiberglass insulation scheme described in this paper (see paragraph 2.1.2); the data in References 26
and 34 are for conductor stacks using a whole Kapton insnlation scheme (with no fiberglass wrap).
However, the measurements for the two kinds of insulation are in good qualitative agreement, and
can be summarized as shown in Figure 18. Let us first comment on the room-temperature curve. It
appears that there is a large hysteresis between the loading branch of the curve (1op) and the
unloading branch of the curve (bottom). It also appears that both the loading and unloading
branches of the hysteresis are non-linear, and that in the pressure range of interest (10< o <70
MPa), they can be fitted by a second-order polynomial. Let us now comment on the liquid nitrogen
(LN,) iemperatwre curve. It first appears that the LN, curve lies above the room temperature curve,
indicating an increase in coil stiffness. There is still an hysteresis between the loading and
unloading branches of the curve, but the amplitude of the hysteresis is lower than at room
temperature. And finally, as was also the case at room temperature, both the loading and unloading
branches of the hysteresis are non-linear and can be fitted by a second-order polynomial. It thus
appears that at any temperature, both the loading and the unloading branch of the coil stress-strain
curve can be fined by a relation of the form:

o = AN e+ B(T) e +C(T) foro,10< o <70 MPa, (12)

where o and £ designate the coil stress and strain, and A, B, and C are three temperature-dependent
parameters. (In theory, the C coefficient shouid be zero, but in practice, the zero-deformation
position of an experimental set-up is never known accurately. The measurements are thus only
reliable above a certain level of deformation. Hence, when fitting the experimental data, the points
near zero-strain are excluded, and the fitting polynomial can end up with a non-zero C coefficient.)

A

Stress {(arbitrary units)

————n  ROOM lemparaturs

------ LN, temperature

-

—»
Strain (arbitrary units)

Figure 18. Typical stress-strain curves measured on a straight stack of SSC-type
insulated conductors at reom and LN, temperatures.
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Having explained how the coil mechanical properties are expected to vary, the next step
would be to put numbers on the coefficients A, B, and C. (Note that for estimating the cooldown
changes, we are interested only in the unloading branch of the stress-strain curve.} The problem,
however, is that there are very few low-temperature data available. The experiments carried out in
References 26 and 34 were purely qualitative, and the only low-temperature measurements presented
in Reference 33 were performed on a stack of outer-layer conductors. To proceed, then, we need to
make some assumptions. The outer layer conductor data of Reference 33 show that for the
unloading branch of the siress-strain curve, the LN, curve is not that much different from the
room-temperature curve. In the following, we shall therefore neglect the influence of temperature,
and take for A, B, and C their room-temperature values. By fitting in the range 10 MPa< ¢ <70
MPa the unioading branch of the room-temperature stress-strain curves given in Reference 33, we
obtain for the coil inner layer:

15.0 MPa,

A=11x105MPa, B = -5100MPa, and C

and for the coil outer layer:

A=11%x10MPa, B = -3400MPa, and C = 8.0 MPa.

42,14 Stress Loss Computation. Having discussed the three effects to be considered, we
can now go back to the stress-loss computation. Let €, and £, designate the coil strain at room
temperature and LHe temperature. If we assume that there are no frictional forces, the change of
stress during cooldown, Ao, can be estimated as

Ao, = olec) - O(g,) - a3)

Combining Egs. (12) and (13), and assuming that the parameters A, B, and C do not depend on the
temperature yields,

Ao, = AAe, (e, +Ag) +B Agc (14)
where Ag, is the change in coil strain during cooldown.

The room temperature strain, €, can easily be derived from the room temperature stress,
o, by using Eqg. (12). It is expressed as

_B+\BI-4A(C-0,)
£w= 2A AL . (]5)

Combining Egs. (14) and (15) yields

2
Aoc=2ﬂ—Aech&v+%—g— +A A2, (16)

for

I0MPa< o, +Ac, and o, <70 MPa

With the parameter values given above, we obtain for the coil inner layer:
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Ao, = 2.1x 106 Ae, o, -9.1x 108+ 11x 1012 Ag?

and for the coil outer layer:

AG. = 2.1x 105 Ag Vow - 5.4 x 108 + 1.1x 1012 Ag?

It thus now remains to estimate A&c.
From what we previously calculated, the change in strain during cooldown, A€, is given by

Al Al 1

where Al| is the change in arc length of the collar cavity resulting from the thermal shrinkage
differential between the coil and the collars, and A/, is the change in arc length of the collar cavity
resulting from the thermal shrinkage differential between the collars and the yoke. Neither A} nor
Al, can be calculated accurately because of unknown frictional forces at the various interfaces of the
system. However, in either case, an upper limit of the absolute value of the change can be
estimated. Combining these upper limits thus enables us to determine an upper limit of the change
in strain during cooldown, At From Egs. (10), (11), and (17), we see that

Al  Alp d,
Ag,, = - _lo - I = -(a.-a) ~(a,,-ay) o
for Nitronic-40 steel collars, and (18a)
Al
AEy = - % = ~-{a. - a,l for High-Manganese steel collars. (18b)
0

Introducing these expressions of Aé_, into Eq. (16) allows us to determine an upper limit of the
change of stress cooldown, Ao,

To compare with these maximum values, it is interesting to consider two other limiting
cases. For the Nitronic-40 steel collar magnets, it is the change in stress calculated with the
assumption that there is no spring-back of the collared-coil assembly inside the yoke. This change
1s expressed as

Age = - é%m = —(a,-a,) . (19a)

For the High-Manganese steel collar magnets, it is the change in stress calculated after taking into
account the increase of radial pressure on the collared-coil assembly due to the larger thermal
expansion coefficient of the yoke. We have

Al Al
Agc.—_——l‘])'m-——li'm:—(ac—a“) . (l9b)

The continuous and dashed lines of Figure 19 present the plots of the maximum cooldown
stress losses for the coil inner layer of Nitronic-40 and High-Manganese steel collars magnets, as
calcuiated by combining Egs. (16) and (18). The continuous and dashed lines of Figure 20 present
the same piots for the coil outer layer. The dotted and dot-dashed lines of both Figures 19 and 20
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present the plots of the expected cooldown stress losses as calculated by combining Eqs. (16) and
(19). It appears that due to the quadratic form of Eq.(12), Ao, is expected to decrease quasi-linearty
with increasing ©,,. It also appears that due to the eventual large spring-back of the collared-coil
assembly inside the yoke, Nitronic-40 steel collar magnets have the potential to lose more pre-
compression during cooldown than High-Manganese steel collar magnets.
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Figure 19. Changes in the azimuthal pressure exerted by the coil inner layer against
the collar pole during the first cooldowns of the most recent BNL 4-cm-
aperture, 17-m-long collider dipole magnet prototypes as a function of the
before-cooldown pressures. The pressure data are averaged over the four
coil quadrants. The various lines represent analytical predictions.
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Figure 20. Changes in the azimuthal pressure exerted by the coil outer layer against
the collar pole during the first cooldowns of the most recent BNL 4-cm-
aperture, 17-m-long collider dipole magnet prototypes as a function of the
before-cooldown pressures. The pressure data are averaged over the four
coil quadrants. The various lines represent analytical predictions.

35



4.2.2 Review of Inner Layer Cooldown Stress Loss Measurements

The stress values before and after the first cooldown of the nine magnets described in this
paper are summarized in Table 5a. Figure 19 presents a summary plot of the cooldown stress
losses as a function of the before cooldown stresses, while Figures 11 shows the room temperature
and LHe temperature stresses as a function of the effective sizes of the coil inner-layer package.

Table 5a. Summary of Average [nner Coil Stress Measurements on Selected BNL-
Built, 4-cm-Aperture, 17-m-Long Collider Dipole Magnet Prototypes.

Magne: Afer Afwr Before Ader Before Inicial Unlosding Werm Cold

Keyng Aspembly Firnt First First Smessvi. 2 Curent Collar-Yoke  Collar-Yoke
MPa) (MPy) Cooldown  Cooddown  Warm-up Shopet (A} Imexference®  Incerference®
(MFa) (MPa) (MPu} (MPwXA2) (pm) {(um)
DDom6 57.8 56.3 529 156 207 52 4500 241 74
DDO02T 733 - 59.5 31.4 199 69 >7200 254 143
DD002E 66.1 555 sL1 26.4 258 71 -7200 79 18
DO201 68.5 537 58.2 154 11.3 Lz 6500 L} 50
DDA 30.4 42 443 222 22.8 B3 ~6500 1 6
DC203 1.6 36 33.1 16.1 19.0 72 ~6000 128 17
DOD204 439 40 a7 20.6 4.1 R 6300 152 n
DO0S 36.3 36.1 159 189 9.8 4 -4000 m 7
DOm06 59.8 59.8 513 6.4 344 9% ~7300 m 76

2 On gverage over sciocied srain gaoge funs from the first and socond westing cyches.
b Estirosnd at the azial Jocaton of the srun-gauge pack.
© Al the fioed-cod pack

The main features of Figure 19 are: 1) all the Nitronic-40 steel collar magnets but one
(magnet DC0206) lie approximately on the same line, and 1his line is parailel to that computed
using the combination of Eqs. (16) and (18a), and 2) the High-Manganese steel collar magnet
(magnet DD0026) lies below the line; that is, it has apparently lost more pre-compression than the
Nitronic-40 steel collar magnets. Let us first comment on the Nitronic-40 steel collar magnets.
The fact that the cooldown stress losses measured on all but one of these magnets increase quasi-
linearly with increasing room-temperature stress is a confirmation that, in the pressure range of
interest, the coil stress-strain curve has the quadratic form suggested by Eq. {12). The fact that the
line defined by these magnets lies above, and is parallel to, the line computed by using Eqs. (16)
and (18) is also quite satisfactory, especially if one considers that we neglected the influence of
temperature on the coil stress-strain curve, and that, 1o parameterize the room-temperature curve,
we used data that were taken in a relatively crude experiment. The data in Figure 19 thus show that
for a first-cut estimation of the cooldown stress loss, a fit of the unloading branch of the room-
temperature stress-strain curve is good enough. There is yet no clear explanation of why magnet
DC(0206 behaves differently from the other magnets. As we shall see in paragraph 5.2.2, it also
exhibits a peculiar behavior during excitation. The peculiarity of the stress measurements during
both cooldown and excitation leads us to suspect that something was wrong with the mounting of
the strain gauge pack itself.

Let us now comment on the High-Manganese steel collar magnet. From the change in
strain calculated in paragraph 4.2.1.4, we would have expected the negative thermal shrinkage
differential between the coil and the collars 10 be partially offset by the positive thermal shrinkage
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differential between the collars and yoke steel, thus eventually resulting in a smaller cooldown
stress Joss than for the Nitronic40 collar magnets. The data in Figure 19 show that such is not
the case. It also appears that, unlike the Nitronic-40 steel collar magnets, magnet DDO026 lies
below the maximum cooldown stress-loss curve computed by using the combination of Eqs. (16)
and (18b). The measured cooldown stress loss on the High-Manganese steel collar magnet thus
appears 10 be larger than expected. One possible explanation for this discrepancy is that it is
introduced by the measuring technique. In other words, we suspect that in the case of the High-
Manganese steel collar magnet, the mounting of the inner-layer beam-type strain-gauge transducers
amplifies the cooldown stress loss. Indeed, for the inner layer, the whole pole part of the collar
laminations supporting the beam is cut in order to host a solid and accurately EDM’4 stainless-
steel base. However, the stainless steel used for the base and the beam is A286, whose thermal
expansion coefficient, integrated between room temperature and LHe temperature, was measured to
be 2.9 x 10-3.32 The base supporting the transducer, and the transducer itself, thus shrink more
than the pole part of the adjacent High-Manganese steel collars, resuliing, at LHe temperature, in a
paralle] misalignment of the face of the beam with respect 10 the pole face of the adjacent collars
(the angle of the beam is not expected to change). Swudies have shown that such parallel
misalignment could eventually result in relatively large errors in the stress measurements. To
determine whether the excessive shrinkage of the strain-gauge transducer mounting base is really
the cause of the larger loss measurement would require further experimentation. Having no more
experimental facts available, we shall therefore limit ourselves 1o the conclusion that for the High-
Manganese steel collar magnet of Figure 19, there are some questions about the reliability of the
measurements.

Let us now go back to Figure 11. In paragraph 3.2.3.2, we divided the nine magnets of this
paper into two series. The first series included magnets DD0026, DD0027, DD0028, and DC0201.
They were characterized by the fact that their before-cooldown stresses exhibited a linear correlation
with their coil inner-layer package sizes. The second series included magnets DC0202 and
following, and was characterized by the fact that their before-cooldown stresses were lower than for
the first series of magnets, and they exhibited a much weaker correlation with their coil inner-layer
package sizes. The data in Figure 11(a) show that with the exception of magnet DDOO026, the after-
cooldown stresses for the magnets of the first series also lie on a regular line, (The fact that magnet
DD0026 lies below the line is consistent with the observation made in Figure 19 that the High-
Manganese steel collar magnet seemed 10 lose more azimuthal compressive stress during cooldown
than the Nitronic-40 steel collar magnets.) The data of Figure 11(a) indicate that if magnets are
assembled in a reproducible way, they end up after cooldown with a reproducible level of coil
azimuthal pre-compression. On the other hand, if there are fluctuations in the way they are
assembled, we are not surprised to find, as in Figure 11(b), that they end up after cooldown with
inconsistent levels of pre-compressions. It is, nevertheless, comforting that the fluctuations in the
room-temperature pre-compressions of the second-series magnets do not jeopardize the correlation
observed in Figure 19. In other words, even though the room-temperature pre-compressions are not
consistent, the cooldown losses are reproducible and are consistent with those of the first-series
magnets.

42.3 Review of Outer Layer Cooldown Stress Loss Measurements

The cooldown data for the outer layer of the nine magnets described in this paper are
summarized in Table 5b and on Figure 20. The changes during cooldown appear more erratic than
for the inner layer, and they do not follow the same magnet-to-magnet pattern. Two reasons can be
found to explain this more erratic behavior: 1) the outer-layer strain gauge measurements may be
less reliable than those of the inner layer, and 2) the compression of the outer layer by the collars
may be influenced by the inner layer.
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Table Sb. Summary of Average Quter Coil Stress Measurements on Selected BNL.-
Built, 4-cm-Aperture, 17-m-Long Collider Dipole Magnet Proiotypes.

Magnet Afwer Aler Before Afer Before lrubai Contact Warm Cold

Keyung Assembly First First First Sgessvs /2 Curent  Collar-Yoke Collar-Yoke
(MPa) (MPa) Cooldown  Cooldown ~ Warmmrup Sioped (&) Interference?  Interference®
(MPs} MPx) (MPy) (MPIXAL) (wm) (um)
DDON26 415 446 480 1.7 9.0 19 0 241 4
DDOOZ 49 - 55.4 19.2 35.0 25 3730 254 143
DDOO28* 447 12,0 416 17.0 13.7 2 4350 pi ns
DOMOI 40.) 153 357 255 240 25 5020 51 -60
DOO2 349 151 149 20.5 19.4 24 4790 177 &
DCo?03 473 492 48.1 284 287 28 1680 228 17
DOM4 457 389 448 26.5 25.7 24 4920 152 4
DOmRDS 433 46.5 45.8 25.4 277 26 4860 177 £
D206 437 486 490 30.1 L] 27 S0 177 &

8 On average over selecied stran pauge runs from the first and second testing cycles.
b Estimased ar the maual jocanon of the smaun-gauge pack.
© At the foed end pack.

Let us first discuss the reliability of the stress measurements. The stress data presented in
Tables 5a and 5b are average values over the four coil quadrants. However, for most of the magnets
the standard deviation of the four outer-layer pressures is much larger than that of the inner-layer
pressures. (The most dramatic case is magnet DD0027, with a standard deviation of 11.7 MPa for
the outer-layer pressures after cooldown, compared to 2.3 MPa for the inner-layer pressures.) This
difference can possibly arise from the mounting of the beam-type strain-gauge transducers
themselves. As we have already described, in the case of the inner layer the whole pole part of the
collar laminations supponting the beams is cut in order to host a solid and accurately EDM'd
stainless-steel base.!6 In the case of the outer layer, the beams are also mounted against a solid and
accurately EDM'd backing plate, but the backing plate itsell rests against a laminated surface, The
roughness of this surface does not allow a perfect alignment of the beam, eventually leading to
asymmetries between the four quadrants. Of course, this larger spread of the outer stress data raises
questions about the reliability of the mean values given in Table 5b.

The questcen of the influence of the inner layer on the outer-layer pre-compression was
already discussed in paragraph 3.2.3.3. As the collars are mounted around the coil, they compress
the two layers simultaneously. The two layers can therefore be considered as two parallel springs,
as represented in Figure 13. The balance of forces in the collared-coil assembly thus depends on the
respective values of the two spring rates. If the inner-layer spring is stiffer, it dominates the outer-
layer spring and determines the vertical deflection of the collars, and thus the azimuthal
compressive stresses. Another influence which was not discussed in paragraph 3.2.3.3 is that both
the inner layer and the collars apply a radial pressure on the outer layer. Because of Poisson’s ratio,
this radial pressure tends 10 increase the arc length of the coil outer layer, evenmually resulting in an
increase of azimuthal compressive stress. Also, the radial pressure introduces frictional forces at the
interface between the two coil layers and between the coil outer layer and the collars that can
prevent the outer layer from moving freely. All these mechanisms result in variations of the outer-
layer pre-compression, which could explain the poor correlation observed in Figure 20.

On the other hand, it is interesting to note that in Figure 12, although the room-temperature
stresses did not exhibit any clear correlation to the effective sizes of the outer-layer package, the
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LHe-temperature stresses end up showing some kind of correlations, especially for the DC-series
magnets. These correlations, however, should be viewed with caution because of the large error bar
on each data point, and we shall not elaborate on their significance.

4.3 Change in Coil Axial Pre-Load During Cooldown”*
4.3.1 Predicting the Cooldown Change

Predicting the change in coil axia] pre-load during cooldown is not as straightforward as it is
for the coil azimuthal compressive sress. As we described in paragraph 2.1.5, the coil is loaded
axially by means of screws that are set through the end plate. The end plate itself is anchored to a
stainless-steel cylinder, called the bonnet, which is welded 1o the outer shell. During cooldown, the
end plate is thus expected to follow the shrinkage of the outer shell. Let us first ignore the presence
of the iron yoke. The change in coil axial pre-load during cooldown is then determined by the
difference in thermal expansion coefficients in the axial direction between the coil and the outer
shell. The thermal expansion coefficient of the coil in the axial direction, integrated between room
temperature and L He temperatre, was measured at 2.5 x 103, compared t0 2.9 x 107 for the outer
sheli steel.32 In this situation, the outer shell thus shrinks more than the coil, and the coil axial
pre-load is expected to increase during cooldown. Let us now take the iron yoke into consideration.
The yoke laminations used for the nine magnets described in this paper were compactly stacked so
that the yoke would behave mechanically as a monolith (see paragraph 2.1.4). During magnet
assembly, the outer shell is welded around the yoke (see paragraph 3.3). The welding puts the shell
into tension, and the shell then applies a radial pressure on the yoke, eventnally closing the yoke
midplane gap. The radial pressure results in high frictional forces at the interface between the yoke
and the shell. During cooldown, the shell tries 1o shrink more than the monolithic yoke, whose
integrated thermal expansion coefficient between room temperature and LHe temperature was
measured o be only 2,0 x 10232 However, the high frictional forces at the interface prevent the
shell from doing s0. The frictional forces thus result in an apparent stretching of the outer shell in
the axial direction in order 10 match the thermal shrinkage of the iron yoke. In this situation, the
change of axial pre-load during cooldown is determined by the difference in thermal expansion
coefficients in the axial direction between the coil and the iron yoke. From the aforementioned data,
the axial pre-load is thus expected to decrease during cooldown. In reality, the yoke is not purely
monolithic, and part of the differential thermal shrinkage between the yoke and the shell is used to
close gaps between the yoke laminations. The change in axial pre-load during cooldown is thus
expected to vary from magnet to magnet, depending on the amount of frictional forces between the
yoke and the outer shell, and, eventually, on the yoke-packing factor.

4.3.2 Review of Axial Pre-Load Measurements During Cooldown

The coil axial pre-loads, as measured by the bullet gauges before and afier the first cooldown
of the nine magnets discussed in this paper, are reported in Table Sc. For all but one magnet, the
axial pre-load decreased during the first cooldown. The magnet with increasing pre-load is magnet
DC0201, which used anti-ovalized, Nitronic-40 sieel collars, with no shims between the collars
and the yoke. Magnet DC0201 was thus the magnet which was expected o have the lowest vertical
interference between the collar and the yoke. Also, it was the only magnet of the series whose yoke
midplane gap was measured to be closed at the end of the yoke-stacking, prior to the shell-welding
(see Table 3). Therefore, the band clamps used to hold the two shell halves in place around the
yoke in preparation for welding required less tension than on other magnets, resulting in a lower

* Analyses of the axial mechanics are preliminary.
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Table 5c. Summary of Total End Force Measurements on Selecied BNL-Built, 4-cm-
Aperture,1 7-m-Long Collider Dipole Magnet Prototypes.

Magret Afer Before Afer Befare Lnucial Finat Warm Cold
Amembly Fir First First Force v /2 Foreva. /2 Collar-Yoke Collar-Yoke
(kN) Cooldown  Cooldown  Wanm-up Slope? Sioped  Lmerference® Interferencet
N (KN} (kN (aNAAD)  (kNAA2) wm) (m}
DDON6 4.6 83 44 17 0.18 024 208 241
DDo0Z? 5.0 112 1.0 45 0.17 0.24 218 197
DDOMSE 44 14.6 21 12.5 0.17 0.24 221 110
DOm01 7.3 6.8 25.6 3Ll 0.30 0.35 M el
DORe? 19 14.0 10.6 R 0.27 0.32 185 74
oo 9.5 16.4 £6 138 023 024 201 %0
DO0204 49 86 59 17.5 0.22 .26 178 61
DCO205 9.9 127 87 151 0.25 026 139 L]
DOms 359 45.2 16.0 225 %11 0.3¢ 49 138

4 On gverage over siecwd Brain gauge rans fromn the firs and second esting cycles.
® Entimaird on sverage over the magnet length.

radial pressure on the yoke. (As described in paragraph 3.3, the band clamps are tightened until the
gap between the two shell halves on each side of the magnet is 1.5 mm.) These two facts are
consistent with low frictional forces at the interface between the yoke and the shell, which could
eventually account for the observed increase of coil axial pre-load during cooldown, For all other
magnets, the yoke midplane gap was measured to be open at the end of the yoke-stacking. To
achieve the same gap between the shell halves, the band clamps therefore needed more tension,
resulting in a higher radial pressure on the yoke. After shell-welding, this higher radial pressure
resulted in a larger perimeter of contact between the shell and the yoke, and thus higher frictional
forces at the interface. This is consistent with the observed decrease of axial pre-load during
cooldown. Also, one would expect the amplitude of this decrease to be somewhat related to the
vertical collar-yoke interference at room temperature, since it is the vertical collar-yoke interference
that detarmines the tension to be put on the band clamps to bring the gap between the shell halves
to the required value of 1.5 mm. Let i, designate the vertical collar-yoke interference at room
temperature, As we described in paragraph 3.2.4, the diameters of the collared-coil assembly are
routinely measured afier the completion of collaring. Let 4, designate the measured vertical
diameter. Assuming that the yoke midplane gap is entirely closed at the end of shell-welding, i,
can be estimated as:

Iy = d, — dy for magnets with no collar-yoke shims, (20a)

i, =d, - + 20, for magnets with collar-yoke shims, (20b)
v c-y

w

where d, is the vertical inner diameter of the iron yoke, and {., is the thickness of the shims that
were added on the top and bottom of the magnets after and including DC0202 (see paragraph 2.2.5).
Figure 21 presents a summary plot of the change in axial pre-load during the first cooldown of the
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nine magnets described in this paper as a function of the vertical collar-yoke interference at room
temperature. (The value of i, is that calculated in average over the magnet length.) The cooldown
data appear to correlate relatively well with iy, and they follow the expected trend: the larger the
collar-yoke interference at room temperature, the larger the frictional forces between the yoke and
the shell, and the larger the decrease of coil axial pre-load during cooldown.
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Figure 21. Changes in the force exerted by the coil against the end-plate loading
screws during the first cooldowns of the most recent BNL 4-cm-aperture,
17-m-long collider dipole magnet prototypes as a function of the warm
collar yoke interference. The force data are summed over the four loading
screws. The interference is calculated in average over the magnet length.
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As we have seen, the changes in axial pre-load reported in Table 5S¢ can be qualitatively
explained. However, one can notice that the LHe temperature values are more scattered than what
could be explained by these changes. This is because the room-lemperature values were already
scattered. As we described in paragraph 3.4, the axial pre-load is set during assembly to a nominal
value. However, as the magnet is mounted on the test stand, bellows are welded at the periphery of
the bonnet, connecting the magnet cold mass to the He distribution. This welding induces a
distortion of the bonnet, resulting in an increase of axial pre-load that greatly varies from magnet
to magnet. Aside from the fact that it is not reproducible, this increase is not thought to be a
problem, since it goes in the direction of better axial loading. On the other hand, the fact that the
axial pre-load can decrease during cooldown, and the fact that the sign and the amplitude of the
change depend on a friction coefficient, are more worrisome, for it is difficult, if not impossible, to
predict the axial pre-load level at LHe temperature and to ensure that this level will be sufficient. In
the case of magnet DD0027, for instance, the axial pre-load at LHe temperature ended up being
very small, perhaps leading to poor quench performance. In order to avoid this situation, the setting
of the end force was progressively increased on subsequent magnets. Studies are also underway 10
understand the influence of the yoke-packing factor on the change in axial pre-load during
cooldown,

4.4 Summary

In this section, we reviewed the cooldown data for the nine most recent BNL 4.cm-aperture,
17-m-long SSC dipole prototypes. For both the coil azimuthal compressive stress and the coil
axial loading, correlations were found between the changes during cooldown and specific assembly
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features which could qualitatively account for the observed differences between magnets. For the
coil inner-layer, the cooldown stress loss appears to increase with increasing room temperature
stress, as can be expected from the non-linearity of the coil stress-strain curve. The sign and the
amplitude of the change in coil axial pre-load appear to depend on the warm collar-yoke
interference, as can be expected from frictional effects at the interface between the yoke and the
outer shell, However, despite the consistency of the cooldown changes, it appears that coil axial
pre-load, and, to a lesser extent, the coil pre-compression, end up being relatively spread at LHe
temperature. The origin of this spread is to be found in the magnet-to-magnet variation that already
existed at room temperature,

5 MAGNET EXCITATION
5.1 Introduction

The Lorentz force has three main components which are applied 1o the coil as the magnet is
energized: 1) an azimuthal component, directed from the pole to the midplane, which tends to
compress both the coil inner and outer coil layers, and to unload the collar pole; 2) a radial
component, directed outwardly, which tends to bend the collars, with a maximum deflection at the
midplane; and 3) an axial component, also directed outwardly, which tends to stretch the coil at the
ends. As we described all along, the magnets are designed and assembled in order w provide good
support against these three components of the Loreniz force. To compensate the effects of the
azimuthat component, the coils are pre-compressed azimuthally at room temperature. To enhance
the support against the radial component, the collars and the yoke are made to fit at room
temperature, so that at LHe temperature and full excilation the deflecting collared-coil can come
into contact with the yoke around the midplane. And last, the coil is prevented from moving
axially by the use of thick end plates. (The effects of the axial component of the Lorentz force are
also reduced by sharing the force between the collared-coil assembly and the interfering yoke and
shell.} It is now time to analyze the behavior during excilation of the nine magnets described in
this paper in order to determine whether the design goals have been achieved.

The data reported here are those measured by the two types of strain gauges described in
paragraph 2.3. They were taken during specific curmrent cycles called strain-gauge runs. A strain-
gauge run consists of ramping the current step-by-step up to 2 maximum value, then down to zero,
and reading out the strain gauges at each step; the step increments are usually equally spaced in
current squared. (The first magnet excitation after cooldown to a current of the order of the
operating current is always a strain-gauge run.) We shall successively discuss the change in the
azimuthal pressure exerted by the coil against the collar and the change in the force exerted by the
coil against the end plate. As we did for assembly and cooldown, we shall try 10 determine whether
the excitation data are reproducible from magnet to magnet, and if they are not we shall try to
explain 1o explain the differences and find correlations with specific magnet features.

5.2 Change in the Azimuthal Pressure Exerted by the Coil Against the Collar Pole During
Excitation

5.2.1 Predicting the Change in Azimuthal Pressure During Excitation

As we described earlier, the main effect on the pressure exerted by the coil against the collar
pole is expected to be that of the azimuthal component of the Lorentz force. This component being
directed from the pole towards the midplane, the pressure against the collar pole is expected to
decrease as a function of current. Also, since the Lorentz force is proportional to the product of the
current, /, by the field, and since the field itself is proportional to the cwrent, the decrease is
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expected to be linear in current squared. In the following we shall therefore always plot the pressure
measurements as a function of current squared, and we shall look at the slope of the pressure versus
2. (Note that the operating conditions correspond to approximaiely 42 kAZ.)

5.2.2 Review of Inner Layer Pressure Measurements During Excitation

5.2.2.1 Example of Typical Change During Excitation. Figure 22 presents an example of
typical change in the inner-layer pressure as a function of current squared during an excitation of
magnet DC0204. The four traces correspond 1o the pressures measured by the four beam-type
strain-gauge transducers (one for each quadrant). The arrows indicate the up- and down-ramps of the
current. 50
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Figure 22. Changes in the azimuthal pressure exerted by the coil inner layer against the
collar pole during an excitation of BNL 4-cm-aperture, 17-m-long collider dipole
magnelt prototype DC0204. The four traces correspond to the four coil quadrants.

It appears that at low currents, the pressure exerted by the coil against the collar pole
decreases linearly versus current squared. This is consistent with what was expected from the
Lorentz force. As the current increases, however, the pressure flattens out and eventually reaches a
constant level. The flatiening of the pressure can in part be explained by the non-linearity of the
coil stress-strain curve described in paragraph 4.2.1.3. The fact that at high currents the pressure
does not change while the Lorentz force is still increasing indicates that the collar pole unloads and
that the average pressure exerted by the coil against the pole face becomes zero. (The non-zero
values measured by the gauges must result from offsets introduced by differences between the active
and compensating-gauge reference resistance values,) In the following, we shall refer to unioading
current, defined as the current at which the slope of the inner-layer pressure versus /2 becomes less
than 10% of the initial slope.

5.2.2.2 Cross-Magnet Comparison. The unloading of the coil inner layer illustrated in
Figure 22 is typical of the magnets discussed in this paper. Figure 23 presents a summary of the
inner-layer pressure versus /2 plots for the nine magnets of interest. For clarity of the presentation,
the magnets have been divided into two groups. Figure 23a presents typical plots for magnelts
DD0026, DD0027, and DDO028, while Figure 23b presents typical plots for the remaining DC-
series magnets. For each magnet, the pressures are averaged over the four coil quadrants and only
the current up-ramp data are displayed. Aside from magnet DD0027, which was excited up to
7200 A without its inner-layer pressures reaching a plateau, all magnets exhibited unloading. The
unloading currents, summarized in Table 5a, range from 6000 A 10 7300 A.
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Figure 23, Summary of the changes in the azimuthal pressure exerted by the coil
inner layer against the collar pole during excitations of the most recent
BNL 4-cm-aperture, 17-m-long collider dipole magnet prototypes:
a) DD-series, and b) DC-series magnets. The pressure data are averaged
over the four coil quadrants.

Originally, this unloading was not intended; it had not been observed in magnets prior to
magnet DD0019.18-20 A prime reason why the actual magnets exhibit such behavior, while the
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earlier prototypes did not, is that their level of inner-layer pre-compression at LHe temperature is
much lower: 20 MPa for magnet DXC0204, compared o 55 MPa for magnet DDQ017. Another
reason is that for most of the recent magnets, the initial slope of the pressure versus /2 is larger:
0.78 MPa/kA? for magnet DC0204, compared to 0.56 MPa/kA? for magnet DD0017. The level of
cold pre-compression is determined by the pre-compression at room temperature, which is itself
controiled by the thickness of the brass shims inserted during assembly between the coil and the
collar pole (see paragraph 3.2.1). Magnets after and including DD0019 were deliberately assembled
with a lower pre~compression to avoid overstressing the coil insulation during collaring. Thus,
obtaining a lower level of pre-compression in the cold state is not surprising. On the other hand,
the slope of the stress versus /2 was expected 10 depend only on the azimuthal component of the
Lorentz force, and was not expected to vary significantly from magnet to magnet

Let us look more carefully at Figure 23, In Figure 23a, it appears that for high currents
(above 5000 A, let us say), the three curves are parallel. However, for lower currents, the slopes for
magnets DD0027 and DDO(28 appear to be larger than for magnet DD0026. On Figure 23b, it
appears that the initial slopes for magnets after and including DC0202 are of the same order, while
the initial slope of magnet DCO201 is larger. The initial slope valves are also summarized in
Table 5a. Overall, the smallest slope is observed for magnet DDOO26, which uses round, High-
Manganese steel collars: 0.52 MPa/kAZ, The largest is that of magnet DC0201, which uses anti-
ovalized, Nitronic-40 steel collars: 1,05 MPa/kAZ. The other magnets—which use either round,
Nitronic-40 steel collars, or anti-ovalized, Nitronic-40 steel collars, with shims at the tops and
bottoms—occupy an intermediate position, with slopes between 0.7 and 0.8 MPa/kAZ. The
dependence of the slope on the collar configuration suggests that it may be related to the collar-
yoke interference.

52.23 Influence of Collar-Yoke Interference. There is no practical way 1o directly measure
the coliar-yoke interference at LHe temperature, but it can be estimated. In paragraph 3.2.4, we
described how the diameters of the collared-coil assembly were routinely measured after completion
of collaring, and in paragraph 4.3.2, we explained how these measurements could be used to
estimate the vertical collar-yoke interference at room temperature, i, (see Egs. (20a) and (20b)).
Assuming that the yoke midplane gap remains closed during cooldown, the vertical collar-yoke
interference at LHe temperature, i} i, can be estimated o be

iHe = fw — (& -®) dy , (21)

where o and a, are the thermal expansion coefficients, integrated between room temperature and
LHe temperature of the collar and yoke steels, and d, is the inner diameter of the yoke at room
temperature. (In the computations, &, is taken to be 3.0 x 10-3 for Nitronic40 steel and 1.7 x
103 for High-Manganese steel, &, = 20x 103, and d, = 110.8 mm.)

Figure 24 presents a summary plot of the initial slopes of the inner-layer pressure versus /2
as a function of the estimated vertical collar-yoke interferences at LHe temperature. For each
magnet, the siope is calculated on average over the four coil quadrants. (For magnets DD0027 and
DDO0028, which were equipped with two strain-gauge packs, we selected the data from the pack
located at the minimum coil size location.) The collar-yoke interference is that calcnlated from
Eqs. (20) and (21), using the vertical collar diameter measured at the axial location of the strain-
gauge pack. To the data of the nine magnets described in this paper, we added the data of all the
previously built, line-to-line fir design magnets. This includes magnets DD0016, DDO017,
DDOO18, and DD0019. Magnets DDO016, DDOO17, and DDO028 use round, Nitronic-40 sieel
collars, while magnet DD0019 uses round, High-Manganese steel collars. The four magnets were
assembled with a high room-temperature pre-compression, resulting in large vertical collar
deflections. With the exception of magnets DD0018 and DC0206, which are slightly off, all
magnets appear 1o lie on the same line, showing a strong correlation between the initial slope of
the pressure versus /2 and the vertical collar-yoke interference,

45



._.
[45)

T T T e 1 1 1 1 1 T T3

- © DCD201 B

—
<
|
<
=
o]
&
2
111

—
3
S
o
By
=
Semer
a.
s [ 5
70} § - N
m - g8 .
n o o
5T g og ]
- 0 B S o] ™ S —
n . =] Q™
5] [~
e a o © 4
S Soze 8 3 :
5 [Conditions] DDOO26 8 2 |
| Thermal Expansion: @ e .
I3 Yake = 2.0e~3 s 2 5 © B
g 0.6 Nitronic—40 = 3.0e-3 2 3 8 ] 1
<] : High Mang. = 1.7¢-3 a o g g
- Yoke Midplane Gap: © =) @ T
g Alwanys Closed < g -
=]
o a 4
b =
g 3 ]
4 O & L L L | 4 H L L I b L 1 ' | ] 1 1 1 i 1 L 1 1 l 1 L L l j
~200 -100 0 100 200 300 400

Cold Collar-Yoke Interference at Strain-Gauge Pack {um)

Figure 24. Correlation between the initial slopes of the average inner-layer stress
versus current squared and the estimated collar-yoke interferences at LHe
temperature of the most recent BNL 4-cm-aperre, 17-m-long collider
dipole magnet prototypes. The slopes are averaged over the four coil
quadrants. The interference is calculated at the axial location of the strain-

gauge pack.

5.22.4 Explaining the Influence of the Collar-Yoke Interference. The strong sensitivity of
the inner-layer pressure on the vertical collar-yoke interference was not expected, and there is not
yet a full understanding of why it happens. One plausible explanation is as follows. As described
earlier, in the body of the magnel the Lorentz force has two components: 1) an azimuthal
component, which tends to compress the coil towards the midplane, and 2) a radial component,
which tends to bend the collars outward, and which is maximum at the midplane. If the yoke is
tightly fitted to the collars, it provides a quasi-infinitely stiff support against the radial component
of the Lorentz force. The collars do not bend, and the unloading of the collar pole resulis only from
the compression of the coil under the azimuthal component of the Loreniz force. On the other
hand, if the yoke is not tightly fitted 1o the collar, there can be a gap between the collar and the
yoke, extending over a certain angle on both sides of the midplane. During energizaton, the collars
bend and the coil deflects accordingly, with a maximum displacement at the midplane. The arc
length of the coil thus increases, resulting in a decrease of azimuthal compressive stress. In this
case, the initial unloading of the coil from the collar pole results from two causes: 1) the coil
compression under the azimuthal component of the Lorentz stress, and 2) the coil bending under
the radial component of the Lorentz force. This second factor accelerates the initial rate of
unloading of the collar pole, resulting in a higher slope.

The amplitude of the bending moment that stretches the coil depends on the anguilar extent
of the gap between the collars and the yoke with respect to the midplane. The larger the angle, the
larger the bending moment. Rather than looking at the gap on both sides of the midplane, one can
also look at the perimeter of contact between the collar and the yoke on both sides of the pole
piane. The smaller the perimeter, the larger the bending moment. If we assume that the yoke
midplane gap is always closed, the perimeter of coniact is completely determined by the amount of
vertical interference between the collar and the yoke: the larger the interference, the larger the
perimeter. This shows that the amplitude of the bending moment should be a decreasing function
of the vertical collar-yoke interference. Because the azimuthal component of the Lorentz force is
not expected to vary from magnet to magnet, the slope of the inner layer stress should follow the
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same dependence as the bending moment and be a decreasing function of the estimated vertical
collar-yoke interference at LHe temperature, which is in qualitative agreement with what is
observed in Figure 24. (On the other hand, as the current increases and the collars bend, the
perimeter of contact between the collars and the yoke increases, resulting in a decreasing bending
moment. The bending moment eventually becomes nil as the collars touch the yoke at the
midplane. This decrease of the bending moment is another factor contributing to the flattening of
the inner-layer stress observed in Figures 22 and 23 at high currents.)

If the above description is correct, the slope of the inner-layer stress provides an indirect
measurement of the perimeter of contact between the collar and the yoke, and thus of the collar-
yoke interference at LHe temperature. The fact that magnets DD0O019 and DDO0026 have the
smallest slopes conforms with cur expectation that the use of High-Manganese steel should
provide a tight fit between the collars and the yoke. The fact that magnet DC0201 has the largest
slope confirms our fear that the 254-pum reduction of the collar vertical diameter might be excessive
and that the collared-coil assembly might be loose inside the yoke at LHe temperature. The fact
that the earlier round, Nitronic-40 steel collar magnets, DD0016 and DD0017, have smaller siopes
than the later magnets of the same design, DD0027 and DD028, is consistent with the higher coil
pre-compression and the larger collar deflections observed during assembly. And last, the fact that
magnets DC0202, DC0203, DCO204, and DCO20S have a slope similar to that of magnets
DD0027 and DDO028 shows that the shims that were added on the the collars of magnets
following DCO0202 acted mechanically as they were supposed to; that is, they increased the vertical
collar-yoke interference in order to make a magnet originally designed as DC0201 behave like a
round-collar magnet. In the case of magnet DD0018, the collar laminations were ground thinner
than for magnets DD0016 and DD0017 in order to make tighter collar packs. These tighter packs
enhance the rigidity in the radial direction, resulting, during excitation, in a smaller bending
moment, thus a smaller slope than for a magnet assembled in the usual way with a similar collar-
yoke interference. This could explain why magnet DD0018 lies below the line of the other
magnets. As for magnet DC0206, it already appeared that the stress loss measured during cooldown
did not follow the trend of the other magnets (see paragraph 4.2.2), which led us to suspect that
something was wrong with the mounting of the strain gauge pack itself.

5.225 Coil Unloading and Quench Performance. We shall describe elsewhere!? how the
quench performance is affected by the bending of the collars and the unloading of the coil inner
layer. One can, however, already mention that the coil unloading does not have the dramatic
influence one might think it would have. As we said earlier, in the body of the magnet the Lorentz
force can be resolved into two components: one radial and one azimuthal. The radial component is
maximum at the midplane, but it exists on all the tums of the coil, including the pole turn. The
pole turn is normally in contact with the face of the collar pole; the radial component of the
Lorentz force, although small, introduces shear stress at the interface of the two. On the other hand,
the azimuthal component of the Lorentz force compresses the coil toward the midplane. The pole
turn thus tends to part from the face of the collar pole, and the frictional forces at the interface
decrease. As the shear stress increases and the frictional forces decrease, the risk of conductor stick-
slip motion, eventually leading to quenches, increases. All the magnets described in this paper
exhibited training quenches that originated in the inner-layer pole turns, at currents of the order of
or above the unloading currents. However, they all reached a plateau within a few percent of the
estimated short-sample current limit, and all could be operated at low temperatures—thus higher
force levels—without major problems. This shows that although unloading cannot be nuled out as
a canse of some of the training quenches, it is not a major threat to the magnet operation.

A possible explanation for why unloading does not necessarily translate into bad quench
performance is that it may be only partial. Indeed, the beam-type strain-gauge transducers measure
an average pressure, while there can be a large gradient across the collar pole face. As an
illustration, Figure 25 shows the results of a collaring experiment that was performed on a coil
sample in which sheets of pressure-sensitive paper were inserted between the two coil layers and
the collar pole, and between the upper and lower coil halves at the midplane. It appears that at both
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the pole and the midplane, the darkness of the impression varies along the conductor width, with a
maximum at the inner edge of each layer. This says that the maximum pressure recorded by the
paper during the experiment is radius-dependent, and presumably, that there is always a pressure
gradient across the collar pole and the coil midplane. Let us assume that such gradient exists at
LHe temperature. It is then thinkable that during energization one edge of the coil inner layer starts
to unioad from the collar pole, while the other edge remains fully loaded. This partial loading may
be sufficient to prevent the conductors from moving and to maintain good quench performance.
(One of the reasons for the stress gradient observed in Figure 25 is that the brass pole shims used
in these magnets —see paragraph 3.2.1— are not tapered, so that the arc length of the collar cavity
is smaller at the inner radius than at the outer radius.)

a)

b)

FUMAHTALTE TS b

TR L

Figure 25. Impressions of pressure-sensitive papers during a collaring experiment on
a 4-cm-aperture coil sample: a) across the face of the inner-layer pole tum,
b) across the face of the outer-layer pole wm, ¢) across the coil midplane.
The darker impressions correspond to the inner edge of each layer.

5.2.3 Review of Quter Layer Pressure Measurements During Excitation

5.2.3.1 Typical Example of Change During Excitation. Figure 26 presents a typical
example of the change in outer-layer pressure as a function of current squared during an excitation
of magnet DC0O204. The four traces correspond to the pressures measured by the four beam-type
strain-gauge wansducers (one for each quadrant). The arrows indicate the up- and down-ramps of the
current. These data are from the same strain-gauge run as that of Figure 22. Despite the fact that
they are widely spread, the four traces appear to be roughly parallel. This indicates that although
one can have some doubt about the absolute values of the gauge readouts, their dynamic responses
are consisient. They show that, in a manner similar to that of the inner layer, the outer layer has a
tendency to unload from the pole, but the amplitude of this unloading is relatively small. The main
reason for this smaller unloading is that the integral of the azimuthal component of the Lorentz
force over the outer layer is much smaller than for the inner layer.
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Figure 26. Change in the azimuthal pressure exerted by the coil outer layer against
the collar pole during an excitation of BNL 4-cm-aperture, 17-m-long
collider dipole magnet prototype DXC0204. The four traces correspond to
the four coil quadrants.

5.23.2 Cross-Magnet Comparison. Figure 27 presents a summary of the outer-layer
pressure versus /2 plots for the nine magnets described in this paper. As for Figure 23, which
presented a similar summary for the inner-layer pressure, the magnets are divided into two groups.
Figure 27a presents typical plots for the DD-series magnets, while Figure 27b presents typical
plots for the DC-series magnets. For each magnet, the pressures are averaged over the four coil
quadrants, and only current up-ramps data are displayed.

Let us first comment on Figure 27a. The main features of Figure 27a are: 1) the curve for
magnet DD0026 is perfectly straight, 2) the curves for magnets DD0O027 and DD(O028 exhibit a
breaking point, and 3) for currents below the breaking point, the curves of magnets DD0027 and
DDQ028 are steeper than that of magnet DD0026, while, for currents above the breaking point, the
three curves are almost parallel. (In fact, the curve slopes for magnets DD0027 and DDO028
become slightly smaller than the DDQ026 slope.) The curves in Figure 27b exhibit features
similar to the curves of magnets DDO027 and DD0028 in Figure 27a: they all siart with a
relatively large slope, then break off, and, for high values of current, exhibit a much smaller slope.
In summary, all the magnets with Nitronic-40 steel collars exhibit a breaking point in the outer-
layer pressure versus /2 plot, while the plot for the High-Manganese steel collar magnet is perfectly
straight.
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Figure 27. Summary of changes in the azimuthal pressure exerted by the coil outer
layer against the collar pole during excitations of the most recent BNL 4-
cm-aperture, 17-m-long collider dipole magnet prototypes: a) DD-series,
and b) DC-series magnets. The pressure data are averaged over the four coil

quadrants.
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5.2.3.3 Explaining the Breaking Point. The differences in magnet behavior and the
breaking point that is observed in Figure 27 for the Nitronic-40 steel collar magnets are consistent
with what can be expected from the model we developed in paragraph 5.2.2.4, and this consistency
can be taken as yet another justification of the validity of this model. The starting point of the
model is that, in the case of Nitronic-40 steel collar magnets, the magnet cold mass can end up at
LHe temperature with a gap between the collared-coil assembly and the yoke, extending over a
certain angle on both sides of the midplane. However, during energization, the collar bends outward
due to the radial component of the Lorentz force, which is maximum at the coil midplane. This
elongation of the collared-coil assembly along the midplane adds a bending moment to the
azimuthal component of the Lorentz force, which enhances the rate of unloading of the coil from
the collar pole. However, as the current increases, the collared-coil assembly is expected to come
into contact with the yoke at the midplane, which then provides a quasi-infinitely stiff support
against the radial component of the Lorentz force. As the contact occurs, the additional bending
moment disappears. Then, the coil keeps unioading from the pole, but this unloading results from
the sole effect of the azimuthal component of the Lorentz force, At the ime when the coilared-coil
assembly comes into contact with the yoke at the midplane, we are thus expecting to see a break in
the pressure versus /2 curve. In summary, the breaking points observed on the curves for the
Nitronic-40 collar sicel magnets of Figure 27 can be interpreted as the currents for which the
coliars contact the yoke at the midplane. For currents below the contact current, the unloading of
the coil from the collar pole has two causes: 1) the coil compression under the azimuthal
component of the Lorentz force, and 2) the coil bending under the radial component of the Lorentz
force. Both of these factors result in a relatively large slope of the pressure versus /2. For currents
above the contact current, the unloading is due only to the azimuthal component of the Lorentz
force. The disappearance of the bending moment results in a decrease of the siope of the pressure
versus /2, In the following we shall refer 1o contact current, the current value for which the collared
coil assembly comes into contact with yoke around the midplane.

Let us now consider the case of the High-Manganese steel collar magnet. Here, we expect a
tight fit between the collars and the yoke, even at LHe temperature. The yoke should thus always
provide a stiff support against the radial component of the Lorentz force, and during excitation there
should be no deflection of the collared-coil assembly along the midplane. Thus, at all currents the
unloading of the coil from the collar pole should result only from the azimuthal component of the
Loreniz force. The plot of the pressure versus /2 is thus expected 1o be perfectly linear and should
not exhibit any breaking point. This is consistent with what is observed in Figure 27a.

Table 5b summarizes the contact currents for the nine magnets described in this paper.
Except for magnet DD0026, for which it is zero, they all lie between 3500 A and 5000 A, thus
demonstrating that at full excitation the yoke does provide 10 the collared-coil assembly the radial
support we were seeking. The question that arises now is why we can see such a breaking point on
the plots of the outer-layer pressure, when we could not see anything on the plots of the inner-layer
pressure. A possible explanation is that in the case of the inner-layer pressure, the breaking point
is hidden by the curvature introduced in the plots by the coil non-linear properties. These non-
linearities are particularly strong in the low pressure range. They should thus strongly affect the
inner-layer pressure, which during energization sweeps a large dynamic range, and at high currents
goes o zero. On the other hand, they should not affect 100 much the outer layer pressures, which
sweep a much smaller range and do not appear to go to zero. However, although we did not se¢ any
break, we noted in paragraph 5.2.2.2 that in Figure 23a, for high currenis, the three curves became
parallel, while they diverged for lower currents. We can now add that the currents at which they
become parallel are of the same order as the contact currenis observed in Figure 27a. The divergence
of the three curves at low currents, where variable bending effects are expected to 1ake place, and
their parallelism at high currents, where the unloading effects are expected 10 be similar, are thus
consistent with our model.
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5.2.3.4 Influence of the Collar-Yoke Interference on the Initial Slope. In the case of the
inner layer, we established that the initial slope of the pressure versus /2 exhibited a good
correlation to the vertical collar-yoke interference. One would expect the outer layer initial slopes
to exhibit the same kind of correlation. Figure 28 presents a summary plot of the initial slope of
the outer-layer pressure versus /2 as a function of the estimated collar-yoke interference at LHe
temperature. For each magnet, the slope is calculated on average over the four coil quadrants, and
the collar-yoke interference is that calculated from Eq. (20) using the vertical collar deflections
measured at the axial location of the strain-gauge packs. The data presented in Figure 28 are
scattered and do not exhibit any clear trend. The fact that quantitatively the initial slopes of the
outer-layer pressure do not exhibit a clear correlation is not really a surprise. On several occasions
in this paper we questioned the reliability of the outer-layer strain-gauge measurements. We also
noticed in paragraph 4.2.3 that for the outer layer there could be some Poisson’s ratio effects
induced by the radial pressures exerted by the coil inner layer and the collars. As the coil is
energized, the radial pressure on the outer layer greatly increases, resulting in larger Poisson’s ratio
effects, which could eventually compensate for the decrease of azimuthal pressures caused by the
other effects. At any rate, we would also expect the variations in collar-yoke interference to result
in variations of the outer layer slope of smaller amplitude than for the inner layer slope. Indeed,
when the coil deflects to match the midplane bending of the collars, the arc length of the outer
layer does not increase as much as that of the inner layer. The amplitude of the bending moment
applied on the outer layer is thus smaller than that on the inner layer, resulting in a smaller
enhancement of the coil unloading, The combination of all these elements could eventually explain
the poor picture given in Figure 28. However, this lack of quantitative correlation does not
jeopardize the qualitative observations made on Figure 27.
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5.3 Influence of the Collared-Coil Assembly Deflections on the Sexwpole Component of the
Magnetic Field

5.3.1 Predicting the Change during Excitation

In the above paragraphs, we described how for some of the magnets the radial component of
the Lorentz force can, at low currents, alter the shape of the collared-coil assembly by producing a
deflection along the midplane. We would expect this change of shape to have an effect on some of
the multipele components of the magnetic field inside the magnet bore. Computer simulations
presented in Reference 23 show that a stretching of the collared-coil assembly along the midplane
should result in a decrease of the normal sexwmpole component, b,. As the current increases, b, is
expected to decrease until it reaches a platcau, when the collared-coil assembly comes into contact
with the yoke at the midplane. (At higher currents, the same simulations show that the unloading
of the coil from the collar pole should result in an increase of b,.) The continuous line of Figure
29 schematizes the expected changes of b, as a function of f due to the collared-coil assembly
deformations. However, concurrent with these changes of shape are iron-saturation effects. The
computer simulations in Reference 23 show that the iron yoke starts to saturate around the pole
plane, resulting in an increase of b,. At higher currents, it then starts to saturate around the
midplane, resulting in a decrease of b,, which rapidly overcomes the saturation of the pole. The
dashed line of Figure 29 schematized the expected changes of b, as a function of / due o iron
saturation. Note that for low currenis—Ilet us say, / less than 3000 A—zhere should not be any
saturation effect, and thus no change in b, due to the iron. The b, versus / curve of a magnet is
thus expected 10 be a combination of the two curves of Figure 29.
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Figure 29. Expected changes in the sextupole component of the magnetic field during
an excitation of a BNL 4-cm-aperture, 17-m-long collider dipole magnet
prototype due to the deformations of the collared-coil assembly
(continuous line) and the effects of iron yoke saturation (dashed line).
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5.3.2 Data Review

In reality, the b5 versus I curves measured on real magnets are more complicated than what
we just described. They exhibit a large hysteresis between the up- and down-ramps of the current. 35
This hysteretic behavior comes fram complicated magnetization effects in the superconducting
filaments themselves, which are particularly important at low fields on the conductor, and thus low
currents in the magnet. As the current increases, the two branches of the hysteresis become
symmetrical and tend toward each other, In order to eliminate the magnetization effects, we shall,
as suggesied in Reference 23, discard the low currents data, where the hysteresis is not
symmetrical, and, for the high currents, we shall consider the average between the up- and down-
ramp measurements. The current above which the hysteresis becomes symmetrical was determined
empirically to be 2000 A.

Figure 30 presents the up-down averages of the b, versus I curves measured on some of the
DD-series magnets. The data were plotted using the same ranges for the X- and the Y-scales, but
the plots were translated along the vertical axis so that the 2000 A values would coincide. It
appears that for J begween 2000 and 3000 A, the curves for magnets DD0019 and DD0026 are flat,
while the curves for magnets DD0027 and DD0028 decrease. These observations are consistent
with what we know of the features of these magnets. Magnets DD0019 and DD0026 use round,
High-Manganese steel collars. They are expected to have a tight collar-yoke fit, with no gap around
the midplane, even at LHe temperature. Hence, the coilared-coil assembly is not expected 1o deflect
along the midplane, and there should be no change in &, until the iron saturation effects become
sensitive. On the other hand, magnets DD0027 and DD0028 use round, Nitronic-40 steel collars,
for which we expect to get a midplane gap between the collars and the yoke at LHe temperature.
The cotlared-coil assembly is thus expected to deflect along the midplane, resuiting in a decrease of
b, as observed in Figure 30. Also, this decrease in b, due to collar deflections should stop when
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Figure 30. Examples of measurements of the sextupole component of the magnetic
field during current cycles of some of the most recent BNL 4-cm-aperture,
17-m-long collider dipole magnet prototypes. The measurements are
averaged over the up- and down-ramps of the current. The data are plotted
using the same Y-scale, but the plots were translated along the vertical
axis so that the 2000-A values would coincide.
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the collared coil assembly comes into contact with the yoke. And indeed, the curves for magnets
DD0027 and DDO028 appear to flatten out and 1o exhibit a local minimum for current values of
the order of the contact currents determined in paragraph 5.2.3 from the breaks in the outer layer
pressure curves. (Note that in the case of Figure 30 the impression of local minimum is reinforced
by the effects of the iron saturation at the pole, which start to be sensitive around the same
currents.) At any rate, the observations made in Figure 30 are in good agreement with our analyses
of the mechanical data and can be taken as an independent justification of the model we developed.

5.4 Change in the Force Exerted by the Coil Against the End Plate During Excitation®
5.4.1 Predicting the Change in End Force During Excitation

As we described earlier, the main effect on the force exerted by the coil against the end-plate
loading screws is expected to be that of the axial component of the Lorentz force. This component
arises from the solenoidal field, which, in the coil ends, is created by the tumaround of the
conductors, The axiat component of the Lorentz force being directed outwardly, the force exerted by
the coil against the end-plate is expected 1o increase as a function of current, and, as for the coil
azimuthal pressure, the change is expected to be linear in current squared. In the following,
therefore, we shall always plot the force measurements as a function of current squared, and we
shall also look at the slope of the force versus /2.

Because of the axial component of the Lorentz force, the collared-coil assembly is expected
to expand inside the yoke while energized. However, as we have described throughout this paper,
there is some interference between the collared-coil assembly and the yoke on the vertical diameter,
resulting in high frictional forces at the interface. Part of the axial component of the Lorentz force
will thus be shared between the collared-coil assembly, the yoke, and the outer shell. Clear
evidence of this foroe-sharing can be found in Reference 17, where measurement results from strain
gauges that were mounted on the outer surface of the shell of some earlier 4-cm-apertyre, 17-m-
long prototypes are presented. Of course, the tighter the clamping of the collared-coil assembly by
the yoke, the higher the frictional forces at the interface, and the more force-sharing between the
collared-coil assembly, the yoke, and the shell. This larger force-sharing eventually results in a
smaller end-force-versus-12 slope during excitation. On the other hand, one must also bear in mind
that the coil ends themselves are very complicated mechanical objects. They consist of pieces
which are made to fit sharply bent, multi-strand cables. If the fit is not perfect, gaps can remain
between the conductors or the conducior strands, or between the conductors and the end spacers,
leading to non-linear behaviors upon loading. These non-linearities eventually result in variations
of the end-force-versus-/2 slope during excitation. One can also expect magnet-to-magnet
varigtions, depending on the level of axial compressive load at zero current. In summary, many
parameters are expected 1o influence the slope of the end-force versus /2, and we have little hope of
being able to sort out clearly their respective roles.

5.4.2 Review of End Force Measurements During Excitation

5.4.2.1 Typical Example. Figure 31 presents a typical example of end-force as a function
of current squared during an energization of magnet DC0204. The four traces correspond to the four
“bullet” gauge assemblies at the return end of the magnet (the return end is the magnet end
opposite that where the current leads are connected). The arrows indicate the up- and down-ramps of
the current. These data were taken during the same strain-gauge run as for Figures 22 and 26. As
expecied, the force exerted by the coil against the end-plate loading screws appears to increase quasi-
linearly as a functon of current squared.

* Analyses of the axial mechanics are preliminary.
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Figure 31. Change in the axial force exerted by the coil against the end-plate loading
screws during an excitation of BNL 4-cm-aperture, 17-m-long collider
dipole magnet prototype DC0204, The four traces correspond 1o the four
loading screws.

One peculiarity of the end-force data, however, is that the zero-current value appears to
increase significanty during the testing cycle. Figure 32 shows, as an illustration, a plot of the
total end-force versus time during the first testing cycle of magnet DD0028. Each arrow on the plot
corresponds to an excitation of the magnet to a current larger than 4000 A. Each arrow with a
number corresponds to a quench, In the case of magnet DD0028, the end-force increased by about
54% during the first cycle, from 8.1 kN, just after cooldown, to 12.5 kN, Just before warm-up. As
can aiso be seen on Figure 32, most of this increase takes place at the time of the first quenches,
while the end-force remains almost constant during the subsequent quench testing. The
observations made here on magnet DD0028 are 1ypical of the nine magnets described in this paper.
As can be seen on Table 5.c, they all exhibit a large increase in end-force over their testing cycles,
which varies from 3.3 kN for magnet DD0026 10 11.6 kN for magnet DCO204. The origin of this
increase is not yet fully understood. One possible expianation is a raicheting of the collared-coil
assembly inside the yoke. As we already described, the axial component of the Loreniz force tends
to pull the coil ends outwardly. During excitation, the collared-coil assembly thus tends to expand
inside the yoke. However, both the collars and the yoke are laminated, and their contact surface is
very rough. During excitation, or due to the thermal effects consecutive to a quench, it can thus
happen that somewhere toward the magnet ends, some collar laminations slip from one yoke
lamination to the other, and that, as the current is ramped down, or the magnet temperature is
brought back to normal, these collar laminations stick to their new positions. These slip-stick
motions could eventually explain the incremental increases of end-force observed during the first
excitations or quenches.
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Figure 32. Change in the coil axial compressive load during a testing cycle of BNL
4-cm-aperure, 17-m-long collider dipole magnet prototype DD0028. The
data are summed over the four retum-end builet gauges. The small arrows
indicate magnet excitations to a current larger than 4000 A. The large
arrows surmounied by a number comrespond 0 a quench,

3.42.2 Cross-Magnet Comparison. Figures 33 and 34 present summaries of the end-force
versus /2 plots for the nine magnets of interest. The data in Figure 33 comrespond to strain gauge
runs performed at the beginning of the first testing cycles of each magnet, before the first quench,
and, thus, before any substantial ratcheting has taken place. The data in Figure 34 correspond to
strain gauge runs performed at the end of the testing cycles, after a quench plateau has been
established, and, thus, after most of the ratcheting has taken place. As for Figures 23 and 27, the
magnets have been divided into two groups. Figures 33a and 34a present typical plots for magnets
DD0026, DD0027, and DDO028; Figures 33b and 34b present typical plots for the DC-series
magnets. For each magnet, the force is summed over the four bullet gauges, and only current up-
ramps data are displayed. Table Sc also lists the values of the end-force versus /2 slopes for the
different magnets, at both low and high currents. The values are calculated on average over sciected
strain-gauge runs from the first and second testing cycles of these magnets,

Let us first comment on the DD-series magnets. The main features of Figures 33a and 34a
are: 1) the curves of the three magnets are parallel, 2) the curves of Figure 33a are parallel 10 those
of Figure 34a, and 3) the slopes of the end-force versus /2 appear to increase by about 40%, from
0.17-0.18 kN/kA? at low currents (o 0.24 kN/KAZ at high currents (see Table 5.¢). This increase
can be interpreted as a sign that the coil ends stiffen during excitation. (Note that in the case of
magnet DD0027, the bullet gauges do register an increase as soon as the coil is encrgized, despite
the fact that the end-force s out to be almost nil afier cooldown. There is thus no evidence of a
gap between the end-plate loading screws and the coil ends.) Let us now consider the DC-series
magnets. The main features of Figures 33b and 34b are: 1) the DC-series magnets curves are more
linear and have larger initial slopes than the DD-seri¢s magnets curves, and 2} the DC-series
magnets can be divided into two groups. The first group comprises magnets DC0203, DC0204,
and DC0205, and is characterized by end-force slopes of 0.22-0.25 kN/kA2 at low currents, and
0.24-0.26 kN/kA? at high currents. The second group comprises magnets DC0201, DC0202, and
DC0206, and is characterized by end-force slopes which are 25-30% larger than the end-force slopes
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of the magnets of the first group. The fact that the end-force curves of the DC-series magnets start
with a larger slope and do not exhibit the same curvature as the DD-series magnets curves would
seem to indicate that the ends of the DC-series magnets have a more linear behavior upon loading,
and thus are better assembled. On the other hand, the larger slopes observed on magnets DC0201,
DC0202, and DC0206 would seem to indicate that for these magnets, more of the axial component
of the Lorentz force is transmitted to the end-plate, which also indicates that less of the axial force
is shared by friction beiween the collared-coil assembly, the yoke, and the shell. This, again, could
be interpreted as a sign that for these magnets the coil ends are stiffer. The reason that magnets
DC0201, DC0202, and DCO206 behave as if they had stiffer ends than the other magnets is not yet
fully understood. It is, however, noticeable that these magnets are also those with the highest
values of axial pre-loads at the end of cooldown. One possible explanation is that the coil ends of
these magnets were better pressed, resulling in an enhanced stiffness. (It is also noticeable that
despite this enhanced stiffness, these magnets exhibit a raicheting comparable to that of the other
magnets.)
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Figure 33. Summary of the changes in the axial force exerted by the coil against the
end-plate loading screws during the first excitations 10 a large current of
the most recent BNL 4-cm-aperture, 17-m-long collider dipole magnet
prototypes: a) DD-series, and b) DC-series magnets. The force data are
summed over the four loading screws.
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Figure 34,

5.4.2.3 Coil End Stiffness and Quench Performance. We shall describe elsewhere!? how the
quench performance is affected by the end design. One can, however, already mention that there
seems to be some kind of correlation between coil-end stiffness and quench performance. Magnets
DC0203, DXC0204, and DC0205 exhibited relatively poor quench performance, with most of the
training quenches occurring in the outer layer of the coil. The training was particularly dramatic at
3.5 K, where none of these magnets reached a quench plateau. On the other hand, magnets
DC0201, DC0202, and DC0206 exhibited relatively good quench performance, with all training
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establishment of a quench plateau for the most recent BNL 4-cm-aperture,
17-m-long collider dipole magnet prototypes: a) DD-series, and b) DC-
series magnets, The force data are summed over the four loading screws.
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quenches but one in the coil inner layer. (The only outer-layer quench was observed during the test
at 3.85 K nominal of magnet DC0202, and occurred at a current of 7351 A.) The two groups of
magnets we defined in paragraph 5.4.2.2 can thus also be characterized by the pattern of their
quench performance: magnets DC0203, DC0204, and DC0205 had poor quench performance, and
were limited by their coil outer layer, while magnets DC(201, DC0202, and DC0206 had much
better quench performance, with little training in their coil outer layer. The occurrence of training
quenches in the coil outer layer is always a surprise, for the peak field on the outer conductor is
smaller than on the coil inner layer, resulting in an operating margin a few percent larger. On the
other hand, if we consider the axial component of the Lorentz force, the total force applied 1o the
outer-layer ends is calculated to be 1.8 times larger than for the inner-layer ends.36 Since the force
applied to the outer-iayer ends is larger, one can expect the ouler layer (o be more sensitive o the
details of the coil-end design. Also, since the outer layer is in direct contact with the collars, one
can expect the outer layer to be more sensitive to the eventual slip-stick motions of the collars
described earlier. These considerations, along with the magnet test results, seem 10 make the case
that poor training performance in the coil outer layer may be related to a lack of end-stiffness.

5.5 Summary

In this section, we reviewed the excitation data of the nine most recent BNL 4-cm-aperture,
17-m-long SSC dipole magnet prototypes. We successively analyzed the changes in azimuthal
compressive stress in the coil inner and outer layers, and the changes in axial compressive load at
the coil ends. We saw that for most of the magnets, the azimuthal pressure exerted by the coil
inner layer against the collar pole decreased to zero during energization, revealing a possible
unloading of the pole. We aiso found that the initial rate of decrease of the inner-layer stress during
energization varied from magnet to magnet and could be correlated to the estimated vertical
interference between the collars and the yoke at LHe temperature. These variations can be explained
by the existence, at low currents, of a bending moment resulting from the radial component of the
Lorentz force, which deflects the collared-assembly along the midplane and tends (o close the
eventual gap between the collared-coil assembly and the yoke. The existence of this bending
moment is supported by the observation of a breaking point in the outer-layer pressure, which can
be interpreted as the current at which the collared-coil assembly comes into contact with the yoke
at the midplane. It is also supported by the observation, during excitation, of variations in the
sextupole component of the magnetic field, which are in good qualitative agreemeni with the
assumed deformations of the collared coil assembly. As for the axial compressive load, we first
noted that during excitation the bullet gauges regisiered a quasi-linear increase as a function of
current squared, as could be expected from the axial component of the Lorentz. However, it also
appeared that the zero-current compressive load increased significantly over the testing cycle,
especially at the times of the first excitations or quenches following cooldown. We suggested that
this increase resulted from a ratcheting of the collared-coil assembly inside the yoke. It also
appeared that there were subtle magnet-10-magnet variations in the values of the slope of the end-
force versus current squared. We interpreted these slope differences in terms of stiffness of the coil-
end parts, and we suggested a possible correlation between a lack of stiffness in the coil end parts
and a poor training performance in the coil outer layer.

6 CONCLUSION

The main origin of quenches in superconducting particle accelerator magnets is thought 1o
be the frictional motion of conductors or conductor strands, or of parts of the cold mass directly in
contact with the superconducting coil. From there, two options are open (o the magnet designer:
either design magnets where everything is tightly clamped, in order to limit the risk of motion, or
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design magnets where the main components are free to slide in order to render most of the motions
clastic and to limit the risk of frictional heating. Early in the SSC dipole-magnet R&D program,
the first school of thought prevailed. This ied 10 the so-calied line-to-line fit design, developed by
Brookhaven National Laboratory, where the collared-coil assembly is meant to be fully constrained,
both radially and axially, by a tightly fit yoke and thick end plates. Several 4-cm-aperture, 17-m-
long dipole magnet prototypes were built in order to test the design concepts, and this paper reports
on the fabrication, assembly, and mechanical behavior during cooldown and excitation of the nine
most recent ones. For the nine prototypes, it appears that at LHe temperature and 6500 A, the
collared-coil assembly is in contact with the yoke around the midplane, and that the coil ends are
also in contact with the end-plate loading screws, For these magnets, the radial support of the
collared-coil assembly around the midplane and the axial support of the coil at the ends can thus be
considered to conform to the design. The next step would be to determine whether the efforts to
achieve these two goals translate into suitable quench performance. This, however, will be the
subject of another discussion. !¢
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